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Abstract
Huge hydrocarbon reservoirs worldwide are bound to brittle lithologies that are affected by
interacting fracture networks. For a better prediction of reservoir qualities a basic investigation
of such interactions is inevitable. In this context, the present work aims for an understanding of
the effect of preexisting joint sets on normal fault evolution. Approaches for this work contain a
field study, remote sensing and analogue modeling. The Grabens Area of the Needles fault zone
in the Canyonlands National Park, Utah/USA was chosen as field analogue. This arcuate array
of young grabens (younger than 100 ka) extends over several kilometers along the Colorado River
in Permian brittle lithologies with distinct preexisting joint sets. The graben-bounding normal
faults formed due to gravity-driven extension above Pennsylvanian evaporites. The well-preserved
outcrops and the stratigraphic similarity to producing reservoirs make this region a perfect field
analogue. Remote sensing included geographic information system (GIS)-based mapping of over
20,000 joints and 500 faults from high resolution orthoimagery as well as calculations of drainage
pattern and dip directions from digital elevation models. During field work, classic geologic
field methods were used as well as a handheld laser distance measurement device and ground
penetrating radar (GPR) surveys. For the analogue modeling cohesive and very fine-grained
hemihydrate powder was used that scales well for brittle lithologies. Analytic methods contain
high resolution time-lapse photography and particle imaging velocimetry (PIV) analyses. The
GIS analyses revealed a correlation between joint and fault orientation. Interpreting the graben
floor dips yielded evidence for both dipping as a result of oriented sedimentation and dipping due
to different displacements at the graben bounding faults. Field observations at graben crosscuts
confirm this assumption. Sinkholes, mapped in airborne imagery and in the field, indicate a
steep-dipping dilational faulting close to the surface. This is consistent with the observation that
graben walls coincide with original joint surfaces without slickenlines or toolmarks. Additional
measurements of heave and throw allowed to estimate fault dips at depth which were then applied
to an extensional model through the northern grabens, aiming to quantify the total extension.
The GPR surveys worked well for the upper 10 m of sediment and the interpreted profiles imply
an ongoing horizontal extension as well as in some cases changing rates of displacement or
sedimentation. XRD and thinsection analysis of a calcite sample, derived from a fault/joint-
interface, gave additional evidence for dilational faulting. Analogue models finally confirmed the
findings of field work and GIS analysis and came up with very similar structures and features. It
could be shown that preexisting joint-sets do affect normal fault geometries distinctly, although
more work is needed to quantify this relationship in detail.
Zusammenfassung
Weltweit finden sich bedeutende Kohlenwasserstoff-Lagersta¨tten in spro¨den Gesteinsschichten, die
ha¨ufig auch von Netzwerken von Bru¨chen und Klu¨ften durchzogen sind. Um solche Lagersta¨tten
besser beurteilen zu ko¨nnen, ist ein grundlegendes Versta¨ndnis der Wechselwirkung zwischen
verschiedenen Bru¨chen/Sto¨rungen essentiell. Daher bescha¨ftigt sich die vorliegende Arbeit mit
dem Effekt von vorhandenen Kluftsystemen auf die Bildung von Abschiebungen. Die verwendeten
Methoden beinhalten Gela¨ndearbeit, Fernerkundung und Analog-Experimente. Als geeignetes
natu¨rliches Beispiel stellten sich die Gra¨ben im Canyonlands National Park in Utah/USA
heraus. Zahlreiche junge Gra¨ben (ju¨nger als 100 ka) erstecken sich hier, entlang des Colorado,
in zerklu¨fteten Gesteinen des Perm. Die Grabenbru¨che bildeten sich in Folge von gravitativer
Extension, u¨ber Evaporiten des Pennsylvaniums. Die sehr gut erhaltenen Aufschlu¨sse und die
geologische A¨hnlichkeit zu produzierenden Reservoiren, machen dieses Gebiet zum perfekten
Gela¨ndebeispiel. Die, der Gela¨ndearbeit vorangegangene, Fernerkundung beinhaltete sowohl
die Kartierung von mehr als 20.000 Klu¨ften und 500 Sto¨rungen mit Hilfe eines geographischen
Informationssystems (GIS), als auch die Auswertung von digitalen Ho¨henmodellen (DEM). Im
Rahmen der Gela¨ndearbeit wurden, neben klassischen Methoden, auch Laser-Distanz-Messungen
durchgefu¨hrt und Georadar-Profile (GPR) erstellt. Fu¨r die Analog-Modelle wurde koha¨sives Gips-
Pulver verwendet, dessen Materialverhalten in etwa mit den natu¨rlichen Gesteinen skalierbar
ist. Zur Analyse der Experimente wurden hochauflo¨sende Photos geschossen und mit Hilfe
von Musterekennungs-Software (PIV) feinste Vera¨nderungen detektiert. Die Auswertung der
GIS-Daten zeigte einen deutlichen Zusammenhang zwischen den Orientierungen von Klu¨ften und
Sto¨rungen. Desweiteren konnte, gemeinsam mit Beobachtungen im Gela¨nde, durch Analysen des
Oberfla¨chen-Einfallens und Kartieren von Schlucklo¨chern, gezeigt werden, dass die Abschiebungen
im oberen Bereich sehr steil einfallen, aber dilatant sind. Diese Beobachtung konnte durch
die Abwesenheit von Harnischen und anderen mechanischen Indikatoren an Kluftoberfla¨chen
besta¨tigt werden, woraus auch zu interpretieren war, dass die Sto¨rungen sich entlang der bereits
existierenden Klu¨fte entwickelten. Durch Messungen von horizontalem und vertikalem Versatz
konnte das Einfallen der Sto¨rungen abgescha¨tzt, und mit dessen Hilfe ein Modell der akkumulierten
Extension erstellt werden. Mit Hilfe des Georadars ließen sich Sedimentstrukturen der oberen 10
Meter innerhalb der Gra¨ben analysieren und es wurden damit weitere Hinweise auf Extension an
den Abschiebungen gefunden. Auch die Analyse einer Kalzit-Probe aus einer freigelegten Kluft
versta¨rkte die These der dilatanten Sto¨rungen. Schließlich konnten, anhand der Analog-Modelle,
die Beobachtungen der Gela¨ndearbeit und der Fernerkundung besta¨tigt werden, indem indikative
Strukturen verglichen wurden. Es konnte also gezeigt werden, dass Kluftsysteme einen deutlichen
Einfluss auf die Entwicklung von Abschiebungen haben.
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1. Introduction
1.1. Motivation
Brittle rocks such as sand- and limestones host rich hydrocarbon and water reservoirs in many
places all over the world (eg. Ehrenberg and Nadeau, 2005; Wennberg et al., 2008). As for the
brittle behaviour of these sediments, they are often influenced by both joints and faults (Odling
et al., 1999; Olson et al., 2009). This has a strong influence on the quality and behavior of
such reservoirs in the sense of bulk permeability or pressure communication (Lorenz et al., 2002;
Braathen et al., 2009), and it is hence inevitable to put effort in the investigation of joint-fault
interaction.
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Figure 1.1.: Map illustrating the location of the Needles Area in Canyonlands National Park,
Utah/USA. Basemap: World Street Map from ESRI (2009), websource; Sketch of
the grabens modified after Schultz-Ela and Walsh (2002).
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Some work has been done on interacting fractures (Acocella et al., 2000; Fossen et al., 2005),
but by now no systematic approach is known studying how preexisting joint sets influence normal
fault evolution. The present work, based on a combination of field work and analogue modeling,
should be seen as a startup of such an extensive research.
The field work should allow the investigation of a natural example of faulting in jointed brittle
rocks. For several reasons, the perfect location for that turned out to be the Needles Area of the
Canyonlands National Park, Utah, USA (see map 1.1). This area is characterized by an array
of young graben faults cutting through an approx. 500 m thick jointed layer of Permian sand-
and limestones which is extending above a 300 m thick layer of Pennsylvanian evaporites (for
details on stratigraphy and tectonics see following sections). Not only the age of these rocks,
but also the environment during their deposition, their tectonic history and their present-day
properties make the Canyonlands region a perfect analogue to major reservoirs as for example in
the Central European Basin (eg. Littke et al., 2008).
top salt
base salt
Figure 1.2.: Extensional grabens above Zechstein salt in a seismic image of the North Sea.
Modified after Krawczyk et al. (2008)
Especially in the North German Basin many oil and gas reservoirs are bound to sandstones
affected by the former highly tectonic Permian Zechstein salt and its structures. Extensional
grabens above the salt were found in seismic data similar to the Canyonlands Grabens (cf. figure
1.2). Although deeply buried, such reservoirs might well contain open fractures (Wennberg et al.,
2008). Moreover, it might be a reasonable assumption that old refilled joints occur and provide
weakened zones within the reservoir rocks and interact with the ubiquitous faults. Additionally to
the geological similarity, the manageable logistic effort allows the field work in the Canyonlands
National Park. A permit is required, though.
2
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To test if the observed features actually are related in the assumed way, analogue modeling will
be used to reproduce them. This part is a follow-up on previous studies that dealt with normal
faulting in brittle rocks using hemihydrate powder (Holland , 2004; Holland et al., 2006; van
Gent , 2006; van Gent et al., 2010; Holland et al., 2011). Adding joint sets prior to the faulting
allows for the investigation of three-dimensional structure evolution and with that comparison
to the field analogue. Since variable as material properties, boundary effect of the deformation
boxes or irregularities during the experiment setup are known and controllable, these models
provide the possibility to study the effects of purposely varied joint parameters (depth, azimuth,
spacing).
1.2. Geological Background
1.2.1. Regional Tectonic Setting
The field study focused on the Grabens area of the Needles District, which is part of the
Canyonlands National Park in southeast Utah. The Grabens are characterized as an arcuate
array of grabens, bounded by north to northeast-trending normal faults. They formed due to
extension towards the Colorado River. The different discussed hypotheses of graben formation
will be described in the upcoming section Models of Graben Formation. The Canyonlands NP is
located in the Paradox Basin, that has been studied extensively by Condon (1997), who defined
its extent by the presence of halite and potash salts that were deposited in Pennsylvanian times.
The basin has a slightly elongated shape, oriented NE-SW and the study area is located at its
western boundary (see map 1.3).
The regional tectonic influence of the Monument Upwarp (cf also map 1.3), a huge fold structure
developed during the Laramide Orogeny in early Tertiary (Goldstrand , 1994; Condon, 1997;
Walsh and Schultz-Ela, 2003), caused a local dip in the study area of 2◦ (Walsh and Schultz-Ela,
2003; Furuya et al., 2007) in north-west direction, to 4◦ (McGill and Stromquist , 1979; Huntoon,
1982; Trudgill and Cartwright , 1994) in WNW.
The Grabens, target of the field work, are located at the intersection of both the Paradox
Basin and the Monument Upwarp and therefore they are affected by both. Their location at the
confluence of Colorado and Green River is indicated in the map 1.3 by a red ellipse.
1.2.2. Models of Graben Formation
The first noted geologic description of the Grabens’ evolution was published by Baker (1933).
He found that the downthrown blocks are often faulted parallel to the graben-bounding faults
and therefore used the expression ’ribbon faulting’. The author dated the initiation of graben
formation after the last regional tectonic activity and proposed an extension due to flowing of
the Paradox evaporites.
This hypothesis of a brittle plate extending on viscous evaporites was supported by McGill and
Stromquist (1979). Based on analogue models and theoretic considerations, they also stated that
the steep-dipping graben-bounding faults initiated in depth close to or at the evaporite-sediment
interface. Additionally, they believed the grabens farther away from the Colorado River to be
3
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younger than the ones closer to it. This is based on the size and complexity of the individual
grabens.
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Figure 1.3.: Overview map illustrating the regional tectonic setting in the vicinity of the Paradox
Basin. The study area, located south of the confluence of Colorado and Green
River, is indicated by a red ellipse. Note its position at the western boundary of
the Paradox Basin and the northern termination of the Monument Upwarp. Map
modified after Condon (1997).
Huntoon (1982) published a study about the Meander anticline, discussing different theories of
the evolution of the Needles Fault Zone. His summary of these models, including the model of
Baker (1933), is shown in figure 1.4 (modified). Huntoon proposed that the Paradox evaporites
are not actively deforming the overlying sediments but allow them a gliding movement towards
the incising Colorado River.
4
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This is different to the previously named authors, who thought the salt flow to be the driving
process. According to Ely (1987), cited in Schultz-Ela and Walsh (2002), water might act as
lubricant at the salt-overburden interface.
Stokes (1948) and Mutschler and Hite (1969), both cited in Huntoon (1982), proposed an
idea of the Meander anticline being the result of tectonic processes in depth. Huntoon (1982)
interpreted the Meander anticline as developing above a steep dipping fault, based on the work
of Mutschler and Hite (1969).
A different theory was proposed by Stokes (1948) and later supported by Baars and Molenaar
(1971), both cited in Huntoon (1982). They believed that groundwater dissolves the salt beneath
the grabens, leading to a collapse of the brittle sediments. This approach would produce vertical
normal faults or collapse structures and does not regard the formation of the Meander anticline
(Huntoon, 1982). Baars (2010) accepts the gravity-gliding theory, but still accounts an important
role in graben formation to collapse due to groundwater-driven salt dissolution.
More recent studies of Schultz-Ela and Walsh (2002) and Walsh and Schultz-Ela (2003)
support the theory of Huntoon (1982) of a gravity-driven extension of the Pennsylvanian and
Permian sediments above the Paradox evaporites. Based on extensive tests of 2D finite elements
models, they proposed a resisting behaviour of the viscous evaporites as illustrated in figure 1.5.
Additional results of the study of Schultz-Ela and Walsh (2002) revealed that fault initiation in
their models localized at the top of the brittle layer, in contrast to the findings of McGill and
Stromquist (1979). The models closest to nature were produced with a friction angle of 31◦ and
a cohesion of 1 MPa as initial rock properties, and either a constantly increasing slope of the
overburden or no slope at all. This slope behaviour differs from the situation in the Canyonlands
Grabens. The authors related that to boundary effects in the third dimension in nature. The
effective viscosity of the salt for the models was set as 1018 Pa s.
Salt flowage as a result of 
unloading; Harrison (1927), 
Baker(1933)
Classic salt anticline; Prommel 
and Crum (1927). Anticline 
predates canyon.
Salt solution; Stakes (1948), 
Baars and Molenaar (1971)
Salt solution plus deepseated 
faulting; Stakes (1948), 
Mutschler and Hite (1969).
Brittle plate gliding on salt; 
Shoemaker (1973), Huntoon (1982)
Model SE NW
Salt
Salt
Salt
Salt
Salt
Solution Zone
Solution Zone
‘Fluid’ Smear 
Boundary
Figure 1.4: Four different models de-
scribing the formation
of the Meander anticline
and the Grabens, sum-
marized and sketched by
Huntoon (1982)
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A particularly interesting aspect of their work is a model they tested including a regular joint
set. They could not find a specific effect of the jointing on the formation or localization of the
faults in the model.
Driving flow Resisting flow
a b
Figure 1.5.: Sketch illustrating the difference between (a) driving and (b) resisting flow, modified
after Schultz-Ela and Walsh (2002)
Schultz-Ela and Walsh (2002) as well as earlier Moore and Schultz (1999) assumed reactive
diapirism beneath the termination of the graben-bounding faults. They based this theory on
observed flexures of footwalls and fault offsets that must lead to a void beneath the grabens.
This void is then filled with uprising evaporites. Schematic cross-sections through the northern
Grabens are illustrated in figure 1.6 from (a) Moore and Schultz (1999) and (b) Schultz-Ela and
Walsh (2002). Moore and Schultz (1999) defined an inner and an outer domain, distinguished by
the dipping direction of a master fault. The dip direction was defined by the graben floor or
footwall dip. Additionally, they assumed more or less straight and steep dipping faults. The
model of Schultz-Ela and Walsh (2002) is quite similar, regarding reactive diapirism and internal
faulting of footwalls, though a difference is the assumed listric shape of the faults. Figure 1.6 (c)
and (d) show two reasonable numerical models of Schultz-Ela and Walsh (2002) that simulated
the grabens formation well in two dimensions. In (c) a gravity-driven gliding of the brittle layer,
downslope the natural dip caused by the Monument Upwarp, was assumed. Image (d) is based
on an extension above a horizontal evaporite layer due to the expelling of salt into the Meander
anticline.
1.2.3. Stratigraphy
According to this geological location, the important stratigraphy begins with the Pennsylvanian
Paradox Member of the Upper Hermosa Group, which consists of more than 300 m of halite,
gypsum, anhydrite, black shales and carbonates (Cartwright et al., 1995; Condon, 1997; Schultz-
Ela and Walsh, 2002).
Following the most recent stratigraphic nomenclature summarized by Condon (1997), the
overlying sediments belong to (1) the Pennsylvanian Honaker Trail Formation, (2) the Lower
Cutler Unit, that includes the Elephant Canyon Formation, and (3) the Cedar Mesa Sandstone,
also from the Cutler Group. A good graphical summary of the Neddles District’s stratigraphy
was given by McGill et al. (2000), summarizing the nomenclature of Lewis and Campbell (1965)
(A) and Huntoon et al. (1982) (B). A graphically enhanced version is shown in figure 1.7.
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a
b
c
d
Figure 1.6.: (a) Scaled profile of the northern Grabens after Moore and Schultz (1999). (b)
Profile of the Grabens after Schultz-Ela and Walsh (2002) that is the base for their
numerical models. (c) and (d) illustrate the models closest to nature. Model (c)
shows extension of the brittle layer driven by a slope. Model (d) extends just by
gravity driven salt-flow.
Throughout the Grabens, most outcropped rocks belong to the Cedar Mesa Sandstone, that
can be divided again into a White and Red Cedar Mesa Sandstone. Especially the northern
section of the study area is characterized by thick caps and layers of light gray to yellowish
fluvial-eolian sandstone (Condon, 1997), that feature the prominent joint sets. Nevertheless,
along the graben walls reddish sandstones, often interbedded with thin and more silty layers,
crop out and are also part of the white Cedar Mesa Sandstone (Mertens, 2006). The Needles in
the north-eastern section, giving the Needles District its name, consist of the dark reddish Red
Cedar Mesa Sandstones.
Mertens (2006) identified the Elephant Canyon Formation as clastic rocks shales and limestones
in Cyclone Canyon and Red Lake Canyon as well as along the slope of the incising Lower Red
Lake Canyon and Colorado River. The Honaker Trail Formation, mudstones and limestones, is
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uncomformably interbedded between the Elephant Canyon Formation and the Paradox evaporites.
It crops out only in the lower section of the Colorado River Canyon. The entire thickness of the
sediments overlying the Paradox Formation is in the range between 400 - 500 m (McGill and
Stromquist , 1979; Schultz and Moore, 1996; Moore and Schultz , 1999; Schultz-Ela and Walsh,
2002; Walsh and Schultz-Ela, 2003).
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Figure 1.7: Stratigraphy of the Needles Dis-
trict of A: Lewis and Campbell
(1965) and B: Huntoon et al.
(1982), taken from McGill et al.
(2000).
1.2.4. Jointing
Especially the northern part of the Grabens is characterized by prominent joint sets in the Cedar
Mesa Sandstones. According to McGill and Stromquist (1979), these joints are relatively older
than the faulting events. This interpretation results from field observations, identifying identical
joints in exposed footwall blocks and various angles between joints and faults.
The work of Mertens (2006) provides detailed information about the different joint sets and
proved that airborne images are suitable to analyze jointing in the uppermost layer. It has to be
considered though, that jointing is not vertically continuous and often joints occur only beneath
the white caps of the Cedar Mesa sandstone (cf Joints).
Since in the meantime remote sensing data with much higher resolution and accuracy are
available, the mapping of joints was reproduced for this work and specific regions were analyzed
regarding joint length, spacing and orientation (see Methodology).
The effect of joints on fault tips was investigated by Cartwright and Mansfield (1998), who
found that deformation localized at reactivated joints. But although several authors acknowledged
a certain influence of these joint sets to graben formation (McGill and Stromquist , 1979; Trudgill
and Cartwright , 1994; Cartwright et al., 1995; Cartwright and Mansfield , 1998; Moore and Schultz ,
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1999; Trudgill , 2002), no work studied the fault-deviating properties of preexisting joints in
medium scale.
1.2.5. Further Recent Work
Although the Grabens have been studied for numerous years (e.g. Baker , 1933), the application of
state-of-the-art methods still allows new insights in their evolution. Most recently, Rotevatn et al.
(2009) used LIDAR measurements of the Devils Lane Relay structure to create and calibrate a
reservoir model. One of their main findings during modeling was that pressure communication
across relay structures can be pretty poor, although a certain fluid flow occurs.
A study of Furuya et al. (2007), using interferometric synthetic aperture radar (InSAR) over
the years 2002 - 2007, reveals the recent tectonic activity of the Grabens. Especially the southern
part, extending towards the northwest, shows high displacements (1 - 3 mm) along with an
uplift of the rims of Colorado River, forming the Meander anticline. The latter is believed to
be a response to unloading due to the incision of the Colorado River and was also described
earlier (Huntoon, 1982). Largest rates of deformation were observed in the southwest, outside
the grabens, and the authors proposed this as precurser to graben formation.
Two independent studies of Grosfils et al. (2003) and Abrahamson (2005) used seismic refraction
to determine sediment thickness in northern Devils Lane and Cyclone Canyon, respectively.
Grosfils et al. (2003) additionally collected gravity data. The evaluation of the data led to
maximum sediment thicknesses of more than 90 m in Devils Lane and 60 - 75 m in Cyclone
Canyon. The resulting total throw (sediment thickness plus graben wall height) in both grabens
exceeds earlier estimates up to a factor of 1.5 and allows better estimations for other grabens.
The influence of the evolving grabens on the development of drainage pattern was studied by
Trudgill (2002) and Commins et al. (2005), allowing insights in fault linkage and relay structures.
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2. Methodology - GIS and Fieldwork
2.1. Introduction
Since this work should provide a multifaceted-approach to joint-fault interaction, one important
part of it was the field work in one of the most famous natural analogues. For that, three weeks
were spent in the Needles Area of Canyonlands National Park. The main focus of the field
campaign was to study the influence of preexisting joints on fault evolution, as well as looking
for evidence to prove one of the different proposed models for graben-formation.
Regarding the remote location of the study area, it was quite important to gather as much
information about the study area as possible before leaving to the field. One of the best ways to
do that, besides reading previous studies, is using remote sensing data and analyses with the
help of a GIS. Mapping of geologic features like joints and faults is possible as well as getting an
impression of the surface conditions like elevation, vegetation or drainage systems. The diploma
mapping of Mertens (2006) provides lots of valuable information and was a good preparation for
the field-work, but since in the meantime much better remote sensing data are available, some of
the GIS-work and interpretations were repeated respecting the much higher data resolution.
In the following sections the used remote sensing data and their application are explained.
The GIS-based mapping of geologic features is described and ways to analyze these data are
pointed out and explained shortly.
In the field, besides the more basic methods like GPS positioning, compass measurements and
laser distance measurements, we performed several ground-penetrating-radar surveys, aiming
to find faults in the shallow subsurface that are not visible at the surface, to find the host
rock beneath the deposited sediments at the graben floor or to eventually find out more about
changing graben floor geometries. GPR has never been done before in the Grabens, so these
surveys were also meant to test the suitability for further studies. The methodologies of field
data gathering and evaluation are also explained in this chapter.
2.2. Remote sensing data
2.2.1. Airborne High Resolution Orthoimagery
A large dataset of airborne high resolution orthoimagery (HRO) is provided by the Utah Automated
Geographic Reference Center (AGRC) (2009), collected in October 2009. A Digital Mapping
Camera (DMC) was used at 2900 m height, resulting in a high image resolution of 25 cm per
pixel. An ortho-rectification was performed based on a digital elevation model (DEM). In the
sense of the National Standard for Spatial Data Accuracy (NSSDA) a horizontal accuracy of
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75 cm is reached at a 95 % confidence level. For this project 25 seamless tiles are used, covering
mainly the northern chapter of the Grabens Area.
The southern part is covered by 1 m resolution aerial imagery, provided by the National
Agricultural Imagery Program (National Agriculture Imagery Program (NAIP), 2009), which is
part of the United States Department of Agriculture. These data have a horizontal accuracy of
6 m.
2.2.2. Digital Elevation Data
Digital elevation data allowed calculating dips of the graben floors as well as those of the horsts.
Drainage systems could be calculated to compare their deposition areas with graben floor dips.
Later on, the location of several sinkholes, observed in the field, will enhance this information.
Several elevation models are available with different accuracy and resolutions.
1. A SRTM data set with 90 m resolution derived from Jarvis et al. (2008).
2. A National Elevation Dataset (NED) with 10 m resolution, provided by the US Geological
Survey. According to a study of Gesch (2007) the vertical accuracy, expressed as root mean
square error, is 2.44 m.
3. A 5 m autocorrelated DEM model, calculated from 1 m NAIP imagery collected 2006
(compare previous section). This DEM reaches a horizontal accuracy of 3 m (root mean
square error) and a vertical accuracy of 4 m (root mean square error). This information is
provided by the Utah Automated Geographic Reference Center (AGRC). Although the
vertical resolution is weaker compared to the NED data and, due to the autocorrelation
process a certain amount of artifacts is present, the DEM has proved useful for the needs
of this project simply due to the higher resolution (compare Drainage Pattern).
A sample of the 5 m autocorrelated DEM is given in figure 2.1, using hillshade effects to
visualize topography. The resolution is high enough to recognize larger joint sets.
0 400 800
Meters
Figure 2.1: This image illustrates a hill-
shade view created of the
5 m autocorrelated DEM.
Resolution is high enough
to even recognize larger
joint sets.
2.3. Remote Sensing Based Mapping
The use of a Geographic Information System (GIS) is a common technique in the evaluation
of remote sensing data. A structural mapping of remote areas using a GIS is often a good
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preparation for the actual field work. In this study ESRI ArcGIS 10 SP2 was used, which provides
numerous tools for mapping as well as statistical and spatial analysis methods. Additionally
the implementation of DEM models can help to find drainage systems or get impressions of the
surface structure (restricted to the resolution of the model).
Aim of the mapping using the HRO imagery was not to produce a geologic map (Mertens
(2006) created a detailed geologic and structural map), but to enhance the existing information
by using data with higher resolution. A complete structural map, including joints, faults and,
which is important for this work, the graben walls in high detail is then the basis for the following
field-work. Additionally, data such as joint and fault orientations or lengths can be extracted
from the digital map and used for statistical analyses and comparison with results of analogue
modeling.
2.3.1. Joints
To provide a complete dataset of joints in the study area, over 20.000 joints were tracked as
polylines, giving information about their shape (straight or bent?), length and what is most
important, their orientation. A certain amount of interpretative work is needed in areas where
joints are covered. Often vegetation gives additional evidence on this subject such as bushes
growing in a line (see figure 2.2 a). It is also important to think about at what sharpness of a
kink a joint ends. Figure 2.2 b shows in blue a joint following a kinked shape and figure 2.2 c
shows a joint that is interpreted as ending at a sharp kink.
0 25 50 75 10012,5
Meters
0 10 20 30 405
Meters
0 10 20 30 405
Meters
a b c
Figure 2.2.: (a) Covered joints can be tracked by bushes growing in a line. (b) One joint (blue)
showing a kinked shape. (c) Joints (blue) ending at a sharp kink
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2.3.2. Faults and Graben Walls
The exact location of the normal faults is not visible in most places, since some meters of erosion
have affected the graben walls. Therefore, the tracked fault traces are often interpretations that
represent the orientation of the faults and differ from the actual graben walls.
The mean orientation of the graben walls is the same as the one of the faults, but erosion
and the existence of different joint sets affect the graben wall roughness. Large blocks were
often completely eroded or fell into the graben. This results in different sinuosities of the graben
walls. Nevertheless, sinuosity is still a way of characterizing graben wall properties and depends
strongly on the joint-fault angle.
An example of the different ways of interpreting faults and graben walls is given in figure 2.3.
The interpreted fault is marked green; note its distance to the recent graben wall. The actual
graben wall is marked yellow and describes a sawtooth-like shape.
±
0 50 100
Meters
Legend
Interpreted fault
Graben Wall
Figure 2.3: Illustration of inter-
preted graben wall
and fault.
2.4. Field Methodology
The study area is quite difficult to access and due to the area-covering cryptobiotic soil, a very
sensitive symbiotic accumulation of bacteria and algae (Rosentreter et al., 2007), the access to
many outcrops is not permitted. Therefore, classic geological methods like compass-measurements
were hard to use. Instead we focused on remote methods such as panorama-photography, often
in combination with laser-distance-measurements with a range up to 600 m. This allowed us
to calculate, for example, dipping angles or joint spacings and extrapolate such data from the
photos. Additionally, along signed trails we were allowed to take GPR profiles to investigate the
shallow subsurface. Finally, we were fortunate enough to find a sample of a calcite joint-filling
that was broken loose and hence fitted to our permit. The named methods are explained in
detail in the following sections.
2.4.1. Laser Distance Measurement
A handheld laser distance measurement-device (TruPulseTM 360◦ Rangefinder/Hypsometer
produced by Laser Technology Inc.) was used to determine distances as well as the azimuth and
angle to a measurement point. The recorded parameters for each shot are (1) HD - the horizontal
distance, (2) VD - the vertical distance, (3) SD - the shot distance, (4) Inc - the inclination angle
13
2.4. FIELD METHODOLOGY CHAPTER 2. METHODOLOGY
and (5) Az - the azimuth, derived from an integrated compass. Figure 2.4 shows the spatial
relationship of the different parameters. For each measurement a GPS point was taken using
a Garmin Rhino 530HCx, and photographs combined with handmade sketches illustrate the
location of the measured feature. With these data it is possible to calculate joint spacing at
graben walls, joint depths, graben floor geometries or displacements.
N
Az
HD
VD
SD
Inc
Figure 2.4: Sketch visualizing the
different parameters
determined with the
measurement device:
Az: Azimuth, Inc: In-
clination, HD: Hori-
zontal Distance, VD:
Vertical Distance, SD:
Shot Distance
2.4.2. Photography and Observation
Where measurement has no distinct sense, observations were captured by photographs, using
mainly a Nikon D80 DSLR camera with a standard optic, always combined with the recording of a
GPS point. Nevertheless, images are also quite important for the laser measurements and so they
were used here, too. Since the grabens are wide in every aspect, most features cannot be captured
in one single photo. Therefore, many images were taken and combined to panorama images using
the software AutopanoGiga 2.5. Detailed information about the creation of panorama images
can be found in the diploma thesis of Virgo and Arndt (2010). Since the objective of this work
was not to achieve high resolution measurements of features, the panoramas are barely corrected
for distortion, due to a lack of known fixed-points.
2.4.3. Ground Penetrating Radar
Basics
Ground penetrating radar (in the following referred to as GPR) as a geophysical method for
investigation of the shallow subsurface has proved to be useful for the study of tectonic features
(Meschede et al., 1997) and was applied in numerous tectonic and stratigraphic studies in the
past (e.g. Benson, 1995; Harari , 1996; Wyatt and Temples, 1996; Chow et al., 2001; Demanet
et al., 2001; Lehmann et al., 2001; Rashed et al., 2003; Avila-Olivera and Gardun˜o-Monroy , 2008).
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The basic principle of GPR is similar to seismic methods: a signal is emitted into the ground,
partly reflects at layers with changing properties, migrates to the surface again, and here the
two-way-travel-time (TWT) is recorded together with the intensity of the reflected signal. Using
an estimation for the wave-velocity within the rock allows a time-depth conversion of the TWT.
In GPR, the emitted signal is a pulsed electro-magnetic wave with frequencies depending on
the used antenna. The frequency (f ) is a function of the wavelength (λ) which determines the
vertical resolution of the survey (Neal , 2004):
λ = v/f (2.1)
To achieve a high penetration depth and a good resolution in the upper meters most profiles
of our survey were shot with both a 100 MHz antenna (great depth) and a 400 MHz antenna
(high resolution). Exact locations of the entire survey are included in the large map attached to
this work and the complete set of profiles is stored on the attached DVD. Maximum depth of
penetration according to a study of Smith and Jol (1995) in quarz-rich gravel and sand deposits
reach up to ∼ 18 m with 400 MHz antennas and more than 35 m using 100 MHz antennas. It
should be noted here, that these values were achieved under ideal conditions that are not apparent
in our study area.
The actual quality of a GPR survey regarding the recording of reflected signals depends
mainly on three electromagnetic properties: (1) the dielectric permittivity - ε, (2) the electrical
conductivity - σ and (3) the magnetic permeability - µ (Neal , 2004; Olhoeft , 1998).
σ [S/m] is a function of the applied electrical field E [V/m] and the current density J [A/m2]
σ = J/E (2.2)
and ε [F/m] is defined as
ε = D/E (2.3)
with D - dielectric flux density [C/m2] and E as the applied electrical field. The magnetic
permeability µ [H/m] follows the equation
µ = B/H (2.4)
with B [T] as magnetic flux density and H [At] as magnetic field (Olhoeft , 1998). In these
equations H and E result from the electromagnetic field produced by the antenna, while J, D
and B are properties of the penetrated material (Powers, 1997). Considering these electrical
properties, the water content as well as the presence of ion exchanging clay minerals are mostly
responsible for the loss of energy and, therefore, strongly limit the achievable penetration depth
(Smith and Jol , 1995; Powers, 1997; Olhoeft , 1998; Neal , 2004).
Mathematically, this can be described as the attenuation of the initial waves amplitude A0 to
the resulting amplitude A, considering the travel distance z and the attenuation factor α (eq.
2.5) according to the following equations (Neal , 2004):
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α =
σ
2
√
µ
ε
(2.5)
A = A0e
−αz (2.6)
Increasing the electric conductivity σ would also increase the attenuation factor according to
eq. 2.5 which then reduces the resulting amplitude following a negative exponential function (eq.
2.6). Since water increases the conductivity strongly, especially in the presence of salt which is
quite common in dry regions like south-eastern Utah, it leads to a loss of energy. Although the
area is dominated by sand- and limestones, their erosional products, filling the studied grabens,
surely contain certain amounts of clay, reducing the depth of penetration that delivers reliable
information additionally.
Figure 2.5: Illustration of the increasing
GPR footprint with depth
(Conyers, 2004)
Besides these physical attenuators, restricting vertical resolution and penetration depth, a
geometric factor should be considered. The waves show a conical shape while propagating
downwards leading to (1) an increasing radial footprint on reflectors which means a lower
horizontal resolution, and (2) a loss of reflected energy in an inverse quadratic equation of the
distance (Olhoeft , 1998). Figure 2.5 (adapted from Conyers, 2004) illustrates the geometry of
the footprint.
The equation to calculate the radius of the footprint is given in eq. 2.7 with the variables A:
footprint radius, λ: wavelength of the radar signal, D : depth from antenna to wanted surface, ε¯:
average relative dielectric permittivity (Conyers, 2004).
A =
λ
4
+
D√
ε¯− 1 (2.7)
Post-processing
For the measurements a GPR setup from Geophysical Survey Systems, Inc. was used, consisting
of a SIR-3000 field computer for data acquisition and 400 MHz and 100 MHz antennas for high
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resolution/low penetration depth and low resolution/high penetration depth, respectively. A
GPS device collects the track of the individual survey, and a perambulator allows the precise
measurement of the distance along profile.
The raw data derived directly from the recording-computer do not provide the maximum
available information, but contain a lot of artifacts, noise and false signals due to technical or
geometrical properties of the measuring device. Therefore, a series of processing steps has to be
applied to every raw-dataset. Such a series will be explained on the following pages using the
example of a 400 MHz survey located at Devils Lane (see fig. 2.6, waypoint 151 at eastern end of
profile).
±0 50 100 150 20025 Meters
Figure 2.6: The sample GPR pro-
file is located at Devils
Lane Canyon, crossing the
graben wall from west to
east. (Waypoint 151 at
eastern end of profile)
The post-processing was performed using the software Reflex-Win Version 6.0.5. Figure 2.4.3
(a) shows the raw data without any processing. The antenna starts recording the incoming waves
even before it has sent the signal. This is to make sure that all reflections including the very first
ones can be detected. In the radargram this leads to a time-constant offset, which makes the
first reflection (from the surface) appear to have arrived later than it should. In order to achieve
a precise time-depth-conversion, it is necessary to move the first (surface) reflection to zero time.
In the given example the first 32 ns were removed, so that the first reflected signals are now the
top of the profile. The corrected profile is shown in figure 2.4.3 (b).
Several perfectly straight lines derive from reflections of the antenna-casing and the first contact
to the ground as well as their replications in the underground and internal multiple reflections
from the cable. To remove these signals the background-removal -tool was used. This tool removes
straight horizontal lines and led to the profile shown in figure 2.4.3 (c).
To have an idea of what is in the underground already while collecting the data, the field
computer adds a certain amount of gain in real time to the data. This gain information is stored
in the file header and has to be removed now. Figure 2.4.3 (d) shows the profile without gain
information. Since a huge amount of energy is lost at the first reflectors, signals from below
are hardly visible. To achieve a consistent strength of reflected signals, the tool energy decay
was applied. This tool analyses the loss of energy of the reflected waves and adds an adjusted
amplification to the curve. The resulting profile (figure 2.4.3, e) depicts the equalized intensities.
The intensity is now similar at all depths, but below 40 ns repeating prominent reflectors
with always the same thickness occur, that are obviously low frequent artifacts. Such false
information might be caused by radio-waves from cell-phones or GPS-radios. To remove these
signals the bandpassbutterworth-filter was used. This tool removes signals below and above
selected frequency-values and slightly normalizes the remaining spectrum. For the 400 MHz
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antenna, the lower cutoff is set to 200 MHz and the upper cutoff to 800 MHz, but different
profiles/antenna-frequencies might need different boundaries. It is often useful to try different
settings to find the best solution. Figure 2.4.3 (f) shows the result of the filter. The thick signals
are gone and good reflectors are unraveled.
Due to the filter, the intensity in the middle of the profile-depth has decreased. This requires a
second execution of the energy-decay-tool, resulting in the profile 2.4.3 (g). Finally an averaging
filter smooths the reflectors by reducing high-frequent and white noise (fig 2.4.3, h) and this is
usually the last step in signal processing.
Nevertheless, two more actions are necessary to finalize a GPR profile. Usually, measurements
are not taken on planar surfaces, but along trails with changing elevation. This leads to false dips
of reflectors along slopes. Elevation data can be adapted to the profile from DEM data using
GIS. This way, a relatively simple elevation correction can be performed. The software divides
the profile vertically in slices, according to the original traces, and moves them up or down to
match the defined topography. The fact that the reflector has an inclination due to the dip of
the slope but is drawn vertically cannot be included in the correction and has to be considered
in every interpretation. The profile after topographic correction is shown in figure 2.8 (a).
What is still missing, is the information about the actual depth of reflectors. All known by
now is the time that the waves need to propagate to a reflector and back to the receiver. To
transform the TWT into actual depth information, it is necessary to know the wave velocity
within the measured medium. Since the average wave velocity is usually not exactly known in
field situations, it can be assumed from known similar settings like the ones described by van
Heteren et al. (1998) or Smith and Jol (1995). This leads to a range between 0.1 and 0.15 m/ns.
Occasionally, a diffraction hyperbola appears on the radargram. These hyperbolas are effects
of discrete objects in the subsurface with a high contrast of dielectric permittivity compared to
the surrounding medium. Those can be blocks of hard rock within loose sand for example. The
shape and size of these hyperbolas depend on the rock properties, and can therefore be used to
determine wave velocities. ReflexW provides a tool to adjust hyperbolas in width and length so
that they match the observed ones and then calculates automatically the wave velocity. Figure
2.8 (b) shows such hyperbolas giving a velocity of v=0.125 m/ns. By using the equation
D = v ∗ TWT (2.8)
the actual depth D can now be calculated. Still, there are strong uncertainties caused by
heterogeneities within the medium. The calculated wave velocity is just an average velocity that
is true only for the one location and depth at which the hyperbola is observed. Figure 2.8 (c)
finally shows the completely processed and corrected profile.
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Figure 2.7.: (a) Original GPR profile downloaded from the field-computer. (b) Profile after
starting-time correction. First reflectors were moved to the surface. (c) Profile after
background removal. Most continuous straight lines were removed as artifacts. (d)
Profile after removing the header gain. Strongest signals are now at the top. (e)
Profile after using the energy-decay tool. Signals in depth were amplified. (f) Profile
after using a bandpass-filter. Reflectors with unwanted frequencies were removed.
(g) Profile after a second use of the energy-decay tool. (h) Profile after using the
average-xy filter. Reflectors were smoothed.
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Figure 2.8.: (a) The sample profile after using all necessary filters and finally a topographic
correction. (b) The detail shows the location of some diffraction-hyperbolas that
can be used to determine the wave-velocity within the rocks/sediment and with that
the absolute depth. (c) The finalized profile after depth-conversion.
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2.4.4. Sample Analysis
Since we were only allowed to take five samples consisting of loose rocks, sampling was not
planned as extensive part in the aims of the field work. Nevertheless, we were able to collect
a cross-section of an uneroded calcite joint-filling. Thinsections of this sample were produced
to study the growth and mineral structure of the calcite. Clay and sand rich layers as well as
crystal structure might give information about the climate at formation and the precipitation
processes. X-Ray diffraction measurements were used to reveal the precise mineral content.
X-Ray Diffraction
X-ray diffraction (XRD) was used to investigate the precise mineralogy in different parts of the
sample. A good introduction to X-ray diffraction theory and application has been published for
example by Putnis (1992). The basic idea of X-ray diffraction measurements is to analyze the
scattering of a radiation at a crystal lattice, by using wavelengths in the range of interatomic
distances. This was first found by Max von Laue (1912) and later enhanced by W. L. Bragg and
W. H. Bragg.
According to the condition for the Bragg Equation (see figure 2.9 and equation 2.9) an
impinging X-ray beam is diffracted at two successive crystal planes (hkl) with the distance dhkl
in an angle 2θ, depending on the used wavelength λ.
λ = 2dhklsinθ (2.9)
These 2θ-angles are significant for specific crystal planes (hkl) and minerals and the resulting
pattern of 2θ peaks can be used for software-based material determination.
The used diffractometer is a Bruker D8, that is able to measure powder-samples as well as,
in this case, crystallized samples according to a Bragg-Brentano geometry (cf. Bru¨gemann and
Gerndt , 2004) . Figure 2.10 (a) shows the entire measuring cell with its most important parts.
The X-ray emitter shoots the X-rays through a focusing nozzle at the sample, that is located on
a rotating sample-table. Figure 2.10 (b) shows the sample positioned on this table. By using a
camera and a laser beam from above the sample, the x-ray beam can be focused on the requested
spot, and by attaching different nozzles the radius of the impinging beam is adjustable. Using
a complete piece of crystalline rock as a sample instead of powder inhibits the quantitative
measurement of mineral content caused by the given orientation of crystal-faces, but still allows
a qualitative investigation.
dhkl
2θθ
Figure 2.9: Bragg reflection at planes with dis-
tance dhkl and reflection angle 2θ.
Modified from Putnis (1992)
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For the measurements presented in this work a copper anode was used as X-ray source with a
voltage of 40 kV and a current of 40 mA. 2θ angles between 16 and 51 were covered during each
measurement period of 200 s.
X-ray emitter Detector
rotating 
sample-table
a b
Figure 2.10.: Image (a) shows the used XRD device, a Bruker D8, with the X-ray emitter, the
detector and the sample-table indicated. (b) The calcite slice placed on the rotating
sample-table.
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3.1. Geometrical and statistical analysis
The basis for the following analyses is the set of mapped faults and joints, according to the earlier
explained methodology. The map 3.1 depicts the entire dataset as a low resolution overview
map. The outlined northern and southern section, separated by the WNW trending Cheslar
Lineament, are commonly used as location reference in the following work.
0 4.000 8.000
Meters±
Northern Section
Southern Section
Faults
Joints
Cheslar Lineament
Utah
Co
lor
ad
o R
ive
r
Figure 3.1: Overview of the study-area, de-
picting the mapped joints in red
and the mapped faults in black.
The NW trending Cheslar Linea-
ment describes a natural bound-
ary of the northern and southern
Grabens section by a distinct
joint pattern.
3.1.1. Joints
Having this enormous data set of tracked joints, one first thing to do is some basic statistics. The
histogram of the joint length (fig. 3.2, a) using a bin size of 10 m shows a log-normal distribution
with a maximum at 20 - 30 m. A way to calculate the curvature of the joints is to divide the
path-length [l] of each polyline by the distance between starting and ending point [d]:
Cj = l/d (3.1)
The result is shown in figure 3.2 (b). The majority of the joints is very straight with values
between 1 and 1.1. Here the slightly higher values are caused by manual polyline tracking, which
sometimes results in different point densities and that causes increasing path-lengths. Values
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above 1.1 are found in specific locations where joints describe actual curves as for example in
Lens Canyon.
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Figure 3.2.: (a) Histogram of the joint lengths using a bin-size of 10 m. (b) Histogram of the
joint curvature, calculated according to equation 3.1
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Figure 3.3.: Roseplot of the entire joint data set, classified by length
For the purpose of this work, the orientation of the joints is of course more important than
the length and the shape. Figure 3.3 shows a rose plot of the entire joint data set. The colors
describe a classification by length, each color indicating a range of 50 m. As already seen in
figure 3.2 (a), most of the joints are shorter than 50 m. Two major joint sets are obvious here,
striking more or less NNE and SE, though it should also be noticed that these are no sharp
peaks, but show a wide range of orientations with large numbers of joints each. It is therefore
quite important to plot joint orientations for each studied area individually.
Figure 3.5 shows such an individual plot of joint orientations for the described areas of interest.
Again, a classification by length was applied using ranges of 50 m with blue indicating longer
joints. Though the overall impression suggests a tendency of longer joints to be oriented NNE,
the patterns differ both in joint length and orientation. The strongest change occurs in Lens
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Canyon, where in the southern part joint orientation is similar to the main trends, but in the
northern part shows a distinct anti-clockwise rotation of about 30◦. A slight clockwise rotation
of the WSW trending joint set to a SW strike can be observed in Devils Lane, though it appears
that actually three joint sets exist at the Devils Lane Relay. One trending NNW, one less distinct
trending WSW and another strong one with SW orientation. This SW trending joint set is
restricted to the Cheslar Lineament. The AOIs 8 and 9 are also affected by this SW joint set.
As an interpretation of the length-relationship, the longer joints are believed to be the relatively
older ones and hence are referred to as primary joints in the following. Heterogeneities in rock
strength allow the formation of quite continuous joints in unjointed rocks. The secondary joints
then form between the existing joints and therefore their spacing is stronger affected by the
existing weakened zones. Figure 3.4 illustrates this evolution.
1: Unjointed rock 1: Primary Joints 1: Secondary Joints
Rock strength:
strong
weak
Figure 3.4.: Sketch illustrating the formation of primary and secondary joints. Dark colors
indicate higher rock-strength. Initiating primary joints interconnect to continuous
long joints. Secondary joints terminate when they hit a primary joint and continue
at different positions with the weakest rock strength.
3.1.2. Faults
Like the joints, the graben-bounding faults change their properties from north to south, too.
These are the orientation, the straightness and the length. Changes occur more or less abrupt at
the Cheslar Lineament, going along with a strong decrease in joint density. Histograms of the
joint length are shown in figure 3.6 (a) and (b) for the northern and southern section, respectively.
The faults in the southern area (b) show a log-normal distribution including a certain amount of
longer faults, whereas north of Cheslar Canyon (a) most faults are shorter than 1600 m and most
often below 800 m.
Figure 3.5. (following page): Roseplots of individual areas of interest, classified by length. Longer
joints (blue) trend parallel to the grabens in the northern section.
South of Cheslar Canyon longer joints trend NW, while shorter
joints are graben parallel.
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Figure 3.6.: (a) and (b): Histograms of the fault length in the northern and southern part. The
general trend is similar, though the histogram of the southern part (b) is more
continuous. (c) and (d): Histograms of the fault curvature in the northern and
southern part. The northern part (c) shows slightly straighter faults. (e) and (f):
Roseplots of the fault orientation in the northern and southern section. Faults in
the north (e) trend consistently to NNE, while in the south (f) a greater variability
occurs.
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The fault curvature differs also, in the sense that faults in the northern area are straighter
than in the southern part. This is shown in the histograms (c) and (d) of figure 3.6. Both
histograms show a peak at 1.1, but in the southern area higher values occur more often, while in
the northern section some counts are noticed for the value 1, which means the faults are almost
perfectly straight.
Finally a change in fault orientation is quite obvious by looking at the map. The roseplots
in figure 3.6 (e) and (f) depict that. Faults in the northern Grabens area (e) show only few
variation and strike dominantly NNE, while the southern faults(f) show an increasing clockwise
rotation, leading to a variation in strike from NNE to ENE with a focus on approx. 30◦. Here it
is to say, that the prominent joint sets are mainly visible in the north, what might lead one to a
first idea of a relationship between joints and faults.
3.1.3. Graben Walls
Changes in graben wall geometry should be tested for correlations with features like joint spacing,
joint orientation, fault orientation or even the individual side of one graben. This will be analyzed
in the next section. Here is just to say, that the average graben wall orientation as well as its
projected length is comparable to the corresponding faults. The path length of the graben walls
is though longer than the path length of the faults. Dividing the path length of a graben wall by
the fault length derives the sinuosity, that is used for correlations in the next section.
3.1.4. Feature Correlation
Regarding the aim of this work it is now necessary to find relationships between the observed
and mapped features. For numerous locations all features are given a numeric value and plotted
to a table (see table A.1).
These features are
1. The graben wall. The western graben wall is indicated as 1 and the eastern graben wall as
2.
2. The location is distinguished between the northern, middle and southern section, middle
describing the region close to the Cheslar lineament. The northern section has the key 1,
the middle section the key 1.5 and the southern section the key 2.
3. The graben number is counted from the Colorado River and indicates in that way the
distance or relative age of the graben.
Additionally, the fault length, mean fault orientation, graben wall length, calculated sinuosity,
mean orientation of primary and secondary joints, the angle between joints and faults and finally
the average joint spacing are used for analyses.
Using the correlation function of Microsoft Excel on the entire data-set led to the correlation
matrix shown in table 3.1 (a). The yellow cells mark correlation coefficients higher than 0.4.
Although this has to be considered carefully (a coefficient of 0.4 means that only 16 % of the
variables correlate) it gives a hint which features might have a connection. The coefficients higher
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than 0.4, that are not colored, are self-dependent in some way, as for example the orientation of
the primary joints and the angle between primary joints and fault-strike.
It turns out that the most reasonable correlations include the location of the features, which
means the data-set has to be divided according to the three compartments of the study area.
This has been done first for the northern section, table 3.1 (b) showing the correlation coefficients.
Now, several higher coefficients occur for different features, the highest being the correlation
between primary and secondary joint orientation. Nevertheless, a scatter-plot of these data (fig.
3.7, a) reveals a bad relationship caused by the different range of values.
The next highest correlation is given for the relation between the graben number and the
graben wall sinuosity. Figure 3.7 (b) shows the corresponding scatter-plot indicating in fact a
strong linear relationship.
A correlation is also given for the graben wall sinuosity and joint orientation (fig. 3.7 (c),
especially the secondary joint orientation, which is mostly subnormal to the faults.
Although the correlation coefficient for joint and fault orientation is still 0.41 the scatter-plot
(fig. 3.7, d) shows only a rough relation. This is especially valid for the secondary joints, oriented
more or less normal to the faults. Nevertheless, disregarding the data of Lens Canyon (marked by
a red ellipse) implies a positive correlation of fault and primary joint orientation. The western side
of Lens Canyon is characterized by rapid changing joint orientations that falsify the fault-joint
relation.
Another interesting relationship is found between the average joint spacing and the graben
wall direction (east or west). This fact was already qualitatively noticed by Moore and Schultz
(1999) and related to rollover anticline structures and hence a surface-bending on one side of the
graben. Figure 3.7 (e) shows a scatter-plot for 5 locations in the northern section, each including
both graben sides. For all but Lens Canyon the joint spacing on the western graben wall is 3 -
4 m larger than on the eastern graben wall. Lens Canyon, especially its western side, is some kind
of an outlier with complex and rapidly changing joint geometries that affect the joint spacing.
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Figure 3.7.: (a) Primary and secondary joints correlate only roughly. (b) The graben wall
sinuosity decreases with increasing distance from the Colorado. This is probably
the result of less erosion on the younger graben walls far from the Colorado. (c)
Changing joint orientation, especially of the secondary joints, results in slightly
higher graben wall sinuosity. This is probably the result of changing angles between
joints and faults. This is shown in diagram (d). The primary joints correlate with the
fault orientation, while the secondary joints show no relationship. (e) The average
joint spacing is in most cases higher on the western side of the graben.
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3.2. Graben Floor Geometries
Graben floor geometry means changing topography such as dipping surfaces along or across
graben strikes as well as, for example, positioning of sinkholes that are common especially in the
southern section of the Grabens. The upcoming two sections ’Graben Floor Dips’ and ’Sinkholes’
are direct combinations of GIS analyses, remote sensing observations and field observations.
3.2.1. Drainage Pattern
The availability of high resolution DEM models allows the automatic calculation of drainage
patterns using GIS applications. By using this method, it is possible to find the lowest paths
in each graben as well as the actual fluid pathways resulting in sediment accumulations. A
combination of this method, field observations (e.g. sinkholes) and the actual elevations might
increase the understanding of the graben evolution.
The determination of drainage patterns needs a couple of different operations using GIS
functions:
1. Secondary basins have to be filled in the elevation model to prevent every small puddle to
be the end of a fluid path.
2. The flow direction for each cell has to be determined. Therefore, GIS checks which
surrounding cell has the lowest value.
3. By calculating the flow accumulation using the flow directions the drainage pattern finally
derives. It can now be converted to a polyline and added to the map.
0 250 500
Meters±
Legend
SRTM
10mNED
5m autocorrelated DEM
Figure 3.8.: Difference between drainage-pattern calculated from SRTM, NED and autocorrelated
DEM data
32
3.2. GRABEN FLOOR GEOMETRIES CHAPTER 3. GIS: RESULTS
Since different elevation models are available, it has to be tested which is the best one for
this purpose. The SRTM data with a resolution of 30 m are tested together with the 10 m
resolution NED and the 5 m autocorrelated DEM data. Figure 3.8 compares these three models
showing best results with the 5 m autocorrelated DEM data. The calculated drainage pattern
follows the actual ones pretty well, minor deviations might result from autocorrelation errors and
date-differences between capturing of elevation data and imagery. The NED data show a rough
match with the actual water flow, but has also some errors caused by the poorer resolution. The
SRTM data show the worst results caused by the worst resolution. Still the drainage pattern
follows roughly the grabens and the actual water-flow, but not exactly enough to use these data
for any detailed analyses. Therefore, in the following the 5 m autocorrelated DEM will be used
for further analyses.
3.2.2. Graben Floor Dips
To analyse DEM data, ESRI ArcMap offers a tool named aspect, which automatically calculates
the dip direction of a slope by comparing the elevation-data around a data-point. By applying this
tool to the 5 m autocorrelated DEM dataset, a high-resolution map of the surface dip-directions
can be achieved, allowing the investigation of graben floor dips. Always included in the maps
in this section is the calculated drainage pattern (see Drainage Pattern) for comparison to the
dip-data. Four particularly interesting areas, that attract attention just by looking at the map,
are pointed out and described in the following passages.
Cyclone Canyon Central Area
Figure 3.9 (a) illustrates the local conditions in the selected central part of Cyclone Canyon. The
red circle marks the area on an overview map of the northern Grabens Area. In light blue the
calculated drainage paths are outlined, indicating a sediment influx from the eastern graben wall.
The corresponding surface-dip map is plotted in figure 3.9 (b), with very light colors indicating
a northward dip and dark colors indicating a southern dip direction. Just at the position of
the drainage, dipping-directions change from a southern orientation to a northward dip via a
westward dip in the central part. This ’alluvial’ fan extends throughout the entire width of the
graben until it is buried beneath east dipping erosional sediments from the western graben wall.
It gets obvious now that the calculation of the drainage paths is not always reliable, since the
deepest path within the graben follows the contact of red and blue colors (west and east dipping).
Maximum elevation differences between the sedimentary fan and the surrounding graben floor
is about 4.5 m with almost no difference between the northern and southern boundaries of the
fan. Respecting the steeper dips closer to the graben wall, the average dipping angle is below 3◦.
Since the friction angle of sand and gravel is usually higher than 30◦, such a shallow sedimentary
fan implies a strong influence of flowing water as a transport process.
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Figure 3.9.: The location of the analyzed areas are illustrated in (a) and (c) and recent drainage
paths, calculated of a DEM model are plotted in blue. Central Cyclone Canyon (a)
is dominated by an alluvial fan, clearly visible in the aspect analysis (b). Devils
Lane (c) shows actually two fans as illlustrated in the aspect image (d).
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Devils Lane
Within Devils Lane two sedimentary fans occur, both initiated at the eastern graben wall. Figure
3.9 (c) shows again the airborne photograph and (d) the aspect-map of the central Devils Lane.
The northern fan is located quite below the two branches of the drainage in the upper part of
the image. Similarly to the Cyclone Canyon fan it extends throughout the entire graben width.
Contrary to the souther Devils Lane fan, this one is quite limited in north-south extend.
The southern alluvial fan has a much wider cumulative north-south extend of more than
1000 m. The dip to the south coincides partly with a widening of the graben, though the north
dip occurs together with a graben narrowing. The calculated main drainage path is following a
southern direction and hence leads to the larger extend to the south. The surface dipping angles
of these fans are just as before below 3◦. A GPR profile cross-cutting the northern alluvial fan is
described in 4.4.
Doubledip
Noticeable dips of the graben floor are not always related to sedimentation in the first place. A
nameless graben in the southern Grabens Area is studied in figure 3.10. (a) is again the airborne
photograph with the calculated drainages marked in blue and the specific graben outlined by the
red ellipse. 3.10 (b) gives the original elevation data from the 5 m autocorrelated DEM dataset
and (c) illustrates the dip directions. From the first two graphics the only striking feature is the
drainage crossing diagonal through the graben. The dipping map, though, reveals a division of
the graben floor into two domains, one west dipping, restricted north of the drainage and one
east dipping, restricted south of the drainage. This might well be an indication of different tilts
of the graben floor, and this again requires additional faults within the graben. One explanation
can be that this graben developed by two grabens growing together.
Unfortunately, this graben is quite inaccessible, but similar settings were observed in the field
as it is, for example, shown in figure 3.11. In the foreground the graben floor dips to the west,
where a sinkhole is located at the graben wall. In the far background the dip has changed towards
the east, resulting in a linear with no dip crossing diagonal through the graben. Between the
arrows two people are visible as scale.
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Figure 3.10.: Analysis of graben floor dips in an unnamed graben in the middle-western Grabens
Area. (a) shows an aerial image with the graben of interest marked as red ellipse
and the location shown in an overview map. Drainage paths, calculated of a DEM
model are plotted in light blue. The actual elevation model is depicted in (b) with
light colors indicating higher elevation. The aspect analysis finally reveals the
changing dip of the graben floor (c).
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N
Figure 3.11.: A north looking photo of a graben interior, south of the Cheslar Lineament (Way-
point 179). Note the changing graben floor dips and the sinkhole at the western
graben wall. Scale: Two people on the trail between both arrows.
3.2.3. Sinkholes
Related to graben floor dips and drainage pattern are sinkhole-like structures that are usually
observed at graben walls (eg. McGill and Stromquist , 1979; Cartwright et al., 1995; Mertens,
2006). Since they do not develop as a result of karstification but due to extension, the name
sinkholes is somewhat misleading and thus they were named swallow-holes by some authors
(Cartwright et al., 1995; Moore and Schultz , 1999; Trudgill , 2002). Nevertheless, for simplicity in
this work these features are referred to as sinkholes.
During the field work several sinkholes were noted within the Grabens Area as shown in figure
3.12 (numbered blue dots). Although we spent most of the time in the northern grabens, almost
all sinkholes were found during a one-day trip into the southern grabens. Additionally to the
field data, sinkholes were mapped from airborne imagery (red dots).
The observed sinkholes can be divided into three types: (a) sinkholes associated with high
horizontal-offset faults (numbers 1, 2, 3), (b) sinkholes associated with faults at extensional joint
settings (number 4), (c) sinkholes associated with fault-junctions (number 3, 5 and 6). Especially
the type (a) sinkholes provide implications on the fault-geometry at depth. The fact that open
space can develop at a graben wall proves the presence of horizontal offset at the surface and a
dipping fault at depth. This kind of sinkholes coincides usually with the dip of the graben floor.
The sinkholes from field observation are outlined in the following paragraphs.
Image 3.13 (1) shows a sinkhole located close to a graben-perpendicular wash entering Devils
Lane Canyon (Waypoint 205). The most distinct feature observable here is the large joint-opening
at the eastern graben wall. In combination with a measurable decrease in elevation this might
be due to a shifting of the main fault. The listric shape of the fault then results in horizontal
offset and with that creates open voids.
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Figure 3.12.: Location of observed sinkholes in the Grabens Area. The red spots mark sinkholes
that are inferred from airborne image analysis. Blue markers indicate sinkholes that
were observed during field work. Numbers refer to detail images on the following
pages.
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Image 3.13 (2) outlines a more complex setting where the sinkhole occurred quite in the middle
of a graben (Waypoint 204), though the north-western bounding fault could only be inferred.
Here, another fault is crossing the graben as marked in the image, with the hanging wall to the
east. Elevation data provide a vertical throw of 4 - 5 m. We could observe an open cavity of
several meters in length and about 2 m wide, pretty close to an old course of the 4WD track. The
walls of the cavity consist of loose sediments and partly of host rock. The photograph in figure
3.14 (a) depicts this sinkhole (person for scale). Park-rangers informed us that the cavity opened
recently in 2007, and was probably caused by strong rainfall. Hence, it’s rapid opening does not
necessarily express a recent horizontal offset, but rather a huge amount of sediment transport.
Image 3.13 (3) shows a line of sinkholes between the two large marked ones (Waypoints 170 &
171). Here a large horizontal offset (approx. 8 m) can be observed at the eastern graben wall
(see also section 4.1 and image 4.3, image 3.14, b). The void produced by this heave is a perfect
pathway for fluids and thus several sinkholes developed here.
Image 3.13 (4) also depicts two sinkholes in a special setting (Waypoints 178 & 179). In contrast
to most other horsts, the one shown here is not oriented parallel to the general extensional
trend. Due to this deviation the horst experienced a slight rotational movement and tensile stress
during ongoing extension. This led to a strong fracturing of the host rock, which permits the
formation of open voids during faulting. Image 3.14 (c) is a photograph of the northern of those
two sinkholes. The graben-bounding fault is outlined on the lower left, while a secondary fault
with only a small displacement appears to intersect the main fault right at the sinkhole.
The sinkhole shown in image 3.14 (5) is located at the junction of two faults (Waypoint
183), dipping in opposite directions (NW and SE). This multiplication of displacements in one
particular location led to the formation of open voids and a sinkhole, respectively.
The last observed sinkhole (Waypoint 184), shown in image 3.14 (6), coincides with a classic
fault-growth-by-segment-linkage setting as described for example by Cartwright et al. (1995).
Brought to the bottom-line, this is also a fault-junction setting, but with faults dipping in the
same direction. In this special case the fault-junction consists either of three faults or at least
two fault junctions are very close together and hence create a sinkhole.
By looking at the mapped sinkholes in figure 3.12 again, it occurs that sinkholes accumulate in
two groups. The first one includes the sinkholes detected in the field, and the second one further
to the west consists of airborne mapped sinkholes. In mapview both groups align along parallel
arcuate trends, following the general orientation of the Grabens. The development and spacing
of these two sets is unclear, but might result of some kind of superior structural control.
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Figure 3.13.: Details of the individual sinkhole locations. The numbers correspond to the numbers
in the overview-map 3.12
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Figure 3.14.: Details of the individual sinkhole locations. The numbers correspond to the numbers
in the overview-map 3.12. Photographs (a) - (c) depict the situations in the field
for the sinkholes 2, 3 and 4. White dashed lines indicate fault traces. Note persons
for scale in (a) and (b)
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3.3. Summary
Prior to the field work over 20,000 joints and 500 faults were mapped using high resolution
airborne orthoimagery. This dataset allowed the analyses of joint and fault geometries as well as
other features such as the grabens distance to the Colorado River or the graben wall sinuosity.
Joint sets were subdivided into longer primary joints and shorter secondary joints. In general,
joints were found to be rather straight. Analyzing joint orientations for several areas of interest
in the northern section revealed more or less distinct changes between those regions, especially
due to the influence of the Cheslar Lineament. Joints south of it are shorter and show a smaller
spacing. Faults in the northern section are straight and trend to the same direction as the
primary joints. South of the Cheslar Lineament faults were found to be more curved and to
change their orientation gradually from NNE to ENE. Although joints were hard to map from
airborne imagery, those that were found also trend parallel to the faults.
Correlating features for selected areas of the northern section yielded the following correlations:
1. Increasing distance to the Colorado River correlates with decreasing graben wall sinuosity.
This might be related to the relative age of the grabens.
2. The mean orientation of faults correlate roughly with the mean orientation of the primary
joints. No correlation was found for the secondary joints.
3. The average joint spacing was found to be larger at the western graben-side in most areas.
Besides the airborne imagery DEM data were used to automatically calculate drainage pattern
and dip orientations. It could be observed, that major graben floor dips in the northern section
coincide with alluvial fans. In the southern section, changes in dip direction could be found
independent of alluvial infill and thus might express different displacements.
Sinkholes were mapped during field work and in airborne imagery. They are interpreted to be
evidence of extensional offset that creates open voids at the graben walls. The sinkholes align in
two parallel curves in the southern section of the Grabens and might also be an indication for
ongoing extension.
42
4. Fieldwork: Results
4.1. Displacements
Graben-bounding fault displacements can be calculated using the laser measurement data. Since
the graben floors do not represent the actual surface of the hanging wall blocks these calculations
could be done only on blocks remaining less displaced in the middle of grabens. Therefore, these
displacements represent only the minimum vertical movement. Measurements of graben wall
heights were extensively done by other authors (e.g. McGill and Stromquist , 1979; Cartwright
et al., 1995; Cartwright and Mansfield , 1998) and hence are not repeated here. Additionally, the
fact that these large blocks exist with less displacement than the surrounding ones, indicates a
quite complex structure of the grabens, including graben-perpendicular faults. Respecting the
horizontal component of the displacement, information about the faults’ shape and dipping angle
can be extrapolated.
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Figure 4.1.: A cap of Red Cedar Mesa sandstone within northern Devils Pocket graben, view
north-east (photo taken from Waypoint 35). The throw to both graben walls is
about 38.7 m. Notice the tilted blocks to the east.
Figure 4.1 shows an outcrop in northern Devils Pocket (photo taken from Waypoint 35). A
NW-SE trending lineament of sharp Red Cedar Mesa pinnacles far exceeding the elevation of
the White Cedar Mesa, crosses the graben NW-SE directed. At this position a cap of this Red
Cedar Mesa remains visible down-thrown within the graben and luckily the contact of Red to
White Cedar Mesa is still in view. Therefore, it is possible to measure offsets. The throw to
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the western graben wall was determined as 38.9 m and is slightly higher than the throw at the
eastern graben wall, that is 38.5 m. This small difference might be counted as systematic error,
but a second measurement at the darker clay layer slightly above the Red to White Cedar Mesa
contact reveals a difference in elevation of about 1 m, with the western graben wall being the
higher one. Nevertheless, this graben may be counted as more or less symmetric in the sense of
its bounding horsts. The measured throw of about 39 m is the main vertical displacement here,
which means only a thin coating of sediments is above the host rock. Only a few hundred meters
to the north and south the White Cedar Mesa crops out at the graben floor. Two more things
should be noticed here: (1) A narrow but quite deep depression along the western graben wall
indicates either a strong horizontal component of the western bounding fault, or an additional
west-dipping fault bounding the east-side of this depression. A strong rotation of the graben
floor can be ruled out, since the Red Cedar Mesa remnant shows no tilt. (2) At the eastern
graben wall a fore-stepping of the fault had occurred, probably incrementally, resulting in an
intermediate throw of some blocks.
A similar situation occurs further to the south of Devils Pocket (figure 4.2, taken from Waypoint
210). As in the north, the high pinnacles of Red Cedar Mesa sandstone remain visible within
the graben as well as the contact to the White Cedar Mesa. Additionally, two more marker
horizons could be observed, but without further increase of information. A throw of about 31 m
was measured to the eastern graben wall. A horizontal distance of 8 m occurred, but had for
sure increased due to erosion. Nevertheless, a true distance of 6 - 7 m might be reasonable. An
application of these data to a simple trigonometric function (4.1 with VD: vertical distance and
HD: horizontal distance) leads to an estimated fault angle of approx. 75◦
tanα =
V D
HD
(4.1)
Another fault can be noticed right to the west of the previously mentioned offset-block. Here
a throw of 2 m was determined with the laser-device. The heave was not measurable in a useful
way, neither in the field nor by airborne imagery. Nevertheless, reasonable estimates between
0.5 and 1 m result in smaller angles than at the eastern master-fault (between 75◦ and 63◦).
Further to the west no more faults could be observed except the western graben-bounding fault.
Unfortunately, the most western cap of Red Cedar Mesa sandstone, positioned on top of the
graben wall (very left on fig. 4.2) was too distant to measure the Red to White contact. DEM
elevation data though reveal a quite equal elevation of western and eastern graben walls.
At a third outcrop in an unnamed graben in the southern section (Waypoint 171) heave and
throw could be measured, too (see figure 4.3). Over tens of meters along the graben wall a deep
open cavity is located right between the graben wall and the offset block that was measured.
The vertical component was determined as 2.4 m and the horizontal component to 7.8 m. This
ratio would lead to an unreasonable low fault dip and it is therefore assumed that erosion has
increased the spacing strongly. Hence no useful data could be derived here.
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Figure 4.2.: A couple of remnant blocks within southern Devils Pocket (view north-east, photo
taken from Waypoint 210)) showing the contact between Red and White Cedar Mesa
Sandstone as marker horizon. The throw to the eastern graben wall is about 31 m
with an horizontal component of about 8 m. The second block (counted from the
east) is two meters higher than the first one, implying another fault between both.
Detailed elevation of the western graben wall could not be measured, because the
distance exceeds the capabilities of the measurement device.
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Figure 4.3.: A small horizontal and vertical offset measurable at a graben wall in a nameless
canyon in the southern Grabens Area (Waypoint 171). The horizontal offset is about
7.8 m and the vertical offset measured 2.4 m. This is a quite strange ratio with the
heave much too high; therefore it is likely that erosion had increased it strongly.
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4.2. Joints
During the field work, observations of Mertens (2006) concerning joint geometries could be
verified. The high resolution orthoimages resolve almost all smaller and larger joints at the horst
surfaces, especially in the white caps of Cedar Mesa Sandstone. Besides that, it occurs that
some joints reach deep through the outcropped graben walls, while some joints in between are
restricted to only cross through the white Cedar Mesa caps or start close to the bottom of the
graben walls.
Two panoramas of opposing graben walls in Devils Pocket (Waypoint 136) are shown in figure
4.4. Both, the western and eastern graben walls are defined at the top by small spaced joints
marked in yellow. They reach to depths of 10 m and usually terminate at the contact to more
reddish sandstone. Larger spacing in the range of 30 m and more is reached by joints that extend
through all layers to the bottom of the outcropped walls (marked in red). A correlation of
opposing joints could not be recognized here. At the bottom of the eastern graben wall another
set of joints with a smaller spacing occurs, exposing for only a couple of meters in height.
A similar situation with smaller joint spacing located below layers with larger spacing occur
throughout the northern Grabens, as for example in southern Devils Lane (see figure 4.5, Waypoint
48). These differences might either be a result of multiple jointing events, or different mechanical
properties of the jointed rocks. Interbedded layers of almost undistorted rocks might be a hint
for multiple events, but can also be caused by the decoupling effect of clay-rich material.
4.3. Graben Crosscuts
Although the Grabens Area provides many fantastic outcrops, it is widely impossible to make
observations of the actual graben floors. Almost every graben is filled with tens of meters of
sediments, and possible graben floor dips are often falsified by oriented sediment input. Far in
the south of the Grabens, Cross Canyon cuts deep into the Cedar Mesa sandstone and produces
crosscuts of grabens with few erosion and only a couple of meters displacement. These crosscuts
of - probably young and evolving - grabens provide rare insights into the formation of grabens
and the graben floor geometry.
The setting of this area is illustrated by the airborne photo 4.6 (a). Cross Canyon, engraved
by fluvial processes, proceeds quite straight towards NNW, intersecting several grabens. The red
ellipses mark the location of the outcrops studied in the following paragraphs. Independently
to the current topic, it should be noted that apparently a change in graben orientation occurs
across Cross Canyon from SW-NE to E-W.
In figure 4.6 (b) a good example is given for a simple dipping graben floor setting (Waypoint
202). Neither internal faults nor sediments on the graben floor influence the dip. It is just the
result of differing throws on both bounding faults. Although the fault indicators on the photo
show some deviation, the faults are actually quite vertical. This apparent dipping angle results
from the perspective of view and occurs in the following images, too. The graben width is about
120 m and the throw at the SE fault was measured to be 13 m while the NW fault has a throw of
49 m. These values lead to a dip of 16◦ towards NW, which is quite steep and not reasonable.
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Figure 4.4: Opposing graben
walls in Devils
Pocket (Waypoint
136) illustrate
changes in joint
size and geometry
along the western
and the eastern wall.
No correlation of
the joints could be
recognized across
the approx. 100 m
wide graben.
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no joints
approx. 25 m
Figure 4.5: A joint setting similar to the previ-
ous observations (located in south-
ern Devils Lane, Waypoint 48).
Lower beds show smaller joint
spacing (yellow) than the overly-
ing (red). An interbedded layer
seems to be unjointed.
Reasons for that are a drainage at the NW graben wall leading to a higher apparent throw, and a
difference in the elevation of the horsts of about 10 m. After a rough correction the dipping angle
is about 10◦, which is more likely to be reasonable. Nevertheless, such steep dipping asymmetric
graben floors could not be observed in the easily accessible northern Grabens Area. The massive
sediment infill might have largely compensated this asymmetry.
Besides this rather simple graben, some complex multi-faulted grabens occur. One of them is
pointed out in figure 4.6 (c). The photo was taken from Waypoint 199. At the northern bounding
fault the throw is higher than at the southern fault. A marker-horizon is indicted with a dashed
orange line. By following this layer, it occurs that the graben floor is split by another normal
fault leading to a higher total displacement at the northern bounding fault. The cumulative
displacement of both southern faults is about the same as the one northern fault.
An even more complex situation appears in figure 4.6 (d), with the photo taken from Waypoint
196. As before, the apparent dip of the faults is a result of perspective distortion (see 4.6 (e) for
illustration). Within this approximately 80 m wide graben, the graben floor itself consists of a
horst bounded by two smaller grabens.
These three close-by examples show nicely, how different graben floor geometries can develop.
From the third example it can also be inferred, that smaller grabens may unify to one large
graben by shifting the displacement to the outer bounding faults. Additionally, it was observed
that in this region all graben floors show dips towards NW and with that towards the Colorado
River.
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Figure 4.6.: Graben crosscuts at Cross Canyon. An interpreted airborne image (a) illustrates
the location of the interpreted field photos. Faults are marked as green lines. (b) A
simple graben with two bounding faults, and slightly tilted graben floor (Waypoint
202). (c) A more complex graben interior with a second fault quite in the middle,
causing an apparently tilted graben floor (photo taken from Waypoint 199). (d) A
very complex graben structure, forming a secondary horst in the middle (photo taken
from Waypoint 196). Marker horizons are marked as dashed orange lines, faults as
black lines and movement indicators as white arrows. The sketch (e) illustrates the
apparent dip occurring on the field photos.
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4.4. GPR Data
During the field campaign 66 GPR profiles were collected with a total length of about more than
7 km. Due to environmental and transport issues the surveys were restricted to Devils Pocket,
Devils Lane and Cyclone Canyon and to be done on existing tracks and trails to prevent damage
to the cryptobiotic soil. Most profiles follow a north-south orientation within the grabens and
some cross graben walls in paleo-drainages. The entire set of profiles with labels is shown on
the appended map. Since GPR data allow both the interpretation of sedimentary and tectonic
structures and both often interfere, the data will not be divided other than by describing similar
features in different areas.
By looking for sedimentary structures in several profiles, it turns out that the 100 MHz profiles
reveal less detailed information about actual dipping layers, even within the upper 10 m. Instead,
it is possible to find diffraction hyperbolas in depths of more than 20 m as well as the contact
of loose sand to more compacted material (this contact was also found by seismic refraction
measurements of Grosfils et al., 2003) or in some cases even bedrock. Nevertheless, major changes
like sedimentary wedges in the upper meters can be seen in some areas as well as layer thickening.
The 400 MHz antenna in contrast shows often highly detailed sedimentary structures within the
upper 2 - 5 m, but below that usually no more usable data are visible. Nevertheless, changes in
penetration depth might allow further interpretation regarding the water-content or sedimentary
composition.
Faults, though, are depending on their depth visible by both antennas and appear as ending
reflectors or sudden changes in reflector intensity. Ending reflectors observed with the 100 MHz
antenna might still be thin but steep dipping layers that are visible with the higher resolution of
the 400 MHz antenna.
Devils Lane WE Profile
The cross-sectional (west-east) profiles through Devils Lane (profiles 21 to 24) reveal some first
information about the internal sediment-structure of a Canyonlands-graben filling. Figure 4.7
shows (a) the profile using the 400 MHz antenna, (b) the profile using the 100 MHz antenna, (c)
the location of the profile (for overview see appended map), and (d) a sketch showing development
of the observed sediments.
The first and most distinct feature to notice is the westwards dip at the most western part,
close to the graben wall. This can be seen with both antennas, although the 100 MHz antenna
shows dipping layers down to a depth of 5 m whereas the 400 MHz antenna shows horizontal
layers below 3 m depth. With both antennas, dipping layers occur in a narrow area around
60 m, 85 m and 120 m along profile. The distance between these areas coincides roughly with
the joint spacing around Devils Lane. Plus, using the 400 MHz antenna shows sharp contrasts
to low reflector intensities at exactly 60 m and 86 m along profile, which again coincides with a
sharp line of ending reflectors at 86 m (see arrow) using 100 MHz. These less intense reflectors
can indicate a less dense packing or a higher content of water or clay minerals, all of which can
develop due to shearing. The dipping layers on the most eastern side of the profile are already
close enough to the eastern graben wall that they might have the same origin. One first idea on
50
4.4. GPR DATA CHAPTER 4. FIELDWORK: RESULTS
how these structures might have developed is given by figure 4.7 (d). Ongoing creation of space
at the graben walls allows continuous downwards dipping layers. Large buried joints within the
graben-floor, maybe with minor amounts of displacement, lead to weakened zones surrounded by
steeply dipping layers that occur as ending reflectors at lower resolution and weak reflectors.
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Figure 4.7.: GPR profiles across the western part of Devils Lane were taken with the (a) 400 MHz
and (b) 100 MHz antenna. (c) illustrates the location of the profile. dipping reflectors
occur towards the western graben wall as well as further to the middle of the graben.
The sketch in (d) gives an idea of how these dips might have been formed.
Devils Lane Eastern Graben Wall
The sediments at the eastern graben wall of Devils Lane are a little bit different. Here, a strong
infill of sediments deposited from a west-dipping drainage, led to the formation of a sedimentary
slope with a height of about 6 m. Figure 4.8 (a) shows the GPR profile 54 (100 MHz) with
topographic correction and (b) shows the location of the profile. The dashed line indicates the
fault trace. In the upper 4 m the profile shows very homogeneous parallel layers, but this is
probably a result of the poor resolution of the 100 MHz antenna. Besides that, the profile now
reveals three major features:
1. A diffuse contact in about 10 m depth, indicating the difference between loose sand and
more compacted material (compare Grosfils et al., 2003).
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2. A sedimentary wedge, deepening towards the east, that coincides with a thickening of layers.
Unlike the western graben side, layers seem to dip slightly towards the graben middle here,
but this might as well be due to uncertainties in height-correction. Layer thickening is an
indication for continuous displacement, leading to higher accumulation of sediment in what
might be a void between the graben floor and the graben-bounding wall.
3. A steep dipping fault, indicated by a sudden change in reflector intensity. The location of
the fault fits perfectly to the mapped fault trace, although no distinct scarp is visible at
the surface.
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Figure 4.8.: This 100 MHz GPR profile (a) was taken along the southern limb of a trail-triangle
at the eastern graben wall of Devils Lane (b). The graben-bounding fault (dashed
line) can be interpreted distinctly, coinciding with a wedge-shaped thickening of
loose sediments from a standard 8 - 10 m up to almost 20 m depth. The contact of
loose sediment to more compacted material is marked as a continuous line.
Devils Lane Relay Stepover
A quite similar sedimentary wedge was observed at the Devils Lane relay structure, that was
studied in detail by Rotevatn et al. (2009). The corresponding GPR profile 47 was recorded
using the 100 MHz antenna in order to reach a reasonable depth. Figure 4.9 shows (a) the
GPR profile with the sedimentary wedge as well as three faults marked by dashed lines and
(b) the location of the profile and the orientation of the interpreted faults. Again, a wedge of
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thickened layers, dipping slightly towards the graben middle, ends at what appears to be the
west-dipping bounding fault of the southern graben part. This fault appears as ending reflectors
combined with a rapid change in reflector intensity. Only 20 m further along the profile a second
fault can be inferred from ending reflectors and a narrow, almost vertical zone of weak reflector
intensity. The affiliation of this fault cannot be determined since the dipping angle is unknown,
but from the position it is likely to be part of the southern graben’s boundary. At this point the
profile deviates towards the north. About 6 m before the profile ends, a very sharp increase of
the reflector intensity occurs throughout the entire profile-depth with a slight dip to the south.
This can either indicate a breaching or break-off of the graben-end due to faulting normal to
the graben orientation, or a better electromagnetic coupling of the sediments similar to the
sedimentary wedge.
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Figure 4.9.: This 100 MHz GPR profile (a) crosses the Devils Lane stepover as illustrated in (b).
A wedge of thickened loose sediments can be interpreted in the southern part, ending
at a graben-bounding fault (dashed line). Two more faults can be inferred and fit
to the expected position of displacement. They are marked as dashed lines with
question marks.
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Cyclone Canyon Western Graben Wall
A different kind of sedimentary feature occurred at the western graben boundary of southern
Cyclone Canyon, found in the 400 MHz profile 68 (see appended map for location). This profile
is somewhat special, because it ends at a paleo-drainage at the western graben boundary being
in the same elevation as the graben floor. Figure 4.10 shows (a) the profile with interpreted
reflectors and (b) the location of the profile and the paleo-drainage leading west towards the
Colorado River. In contrast to Devils Lane, layers here dip towards the middle of the graben in
a delta-like foreset bed structure. This indicates basically an inversion of the initial westwards
stream-direction, caused by the throw of the graben and therefore a depression to the east of the
graben wall.
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Figure 4.10.: The 400 MHz GPR profile (a), located at the western graben wall of Cyclone
Canyon (b) reveals multiple sets of foreset beds in shallow depths, dipping to the
east. Recent drainage direction is west towards the Colorado River.
For a timespan between 40 and about 10 ns at the western boundary of the graben, the dipping
layers show same angles and are parallel, with their crests more or less vertically lined up. These
topset beds are a sign for a continuous lowering of the graben floor in equilibrium with the
deposition rate. This is a special case of a synsedimentary fault, where the sediments derive
actually mostly from the graben walls themselves. Given an approximate sedimentation rate
of 1.5 mm/yr, the timespan for these constant movements is about 1000 a. Below that, the
layering is quite horizontal, indicating a homogeneous sedimentation. Less buried and with that
later deposited, the foreset beds protrude away from the graben wall, showing different dipping
angles and are partly overlaying each other. These changes indicate different sedimentation rates,
probably due to climate changes and/or a change in displacement rate. Inverse dipping layers
overlying the north-west dipping layers close to the end of the profile were probably deposited
from a different source and indicate the time-wise termination of the north-west deposition.
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Cyclone Canyon North-Western Graben Wall
This topographic inversion occurs even stronger in the northern part of Cyclone Canyon. Elevation
inside a drainage increases gradually up to 10 m towards the Colorado River, reaching its crest
about 200 m to the west of the graben wall, leading to a high sediment-input towards the graben.
The 100 MHz GPR profile 64 is shown in figure 4.11 (a) and its location in (b). Ending reflectors
and a change in reflector intensity imply a fault at 16 m along profile, which is probably the
graben-bounding fault. To the east of this fault, a 14 m wide zone with complex offset but
horizontal layers follows. This might either be a set of small conjugate faults distorting the soft
sediments, or steep dipping layers with their thickness deceeding the resolution of the 100 MHz
antenna. Nevertheless, after about 30 m along profile dipping layers in depths up to 10 m occur.
Decreases in dipping angles might be due to the change in profile orientation, deviating to
the south. At the end of the profile dipping layers occur even deeper. Throughout the entire
profile layers seem to dip towards the graben middle, although in parts (see question-marks) the
reflectors are highly distorted.
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Figure 4.11.: The 100 MHz GPR profile (a) of the western graben wall in northern Cyclone
Canyon (b) reveals a steep dipping fault, marked as dashed line. Sediments can
be interpreted east dipping up to depths of more than 10 m. Diffuse reflectors at
question marks are not precisely to explain.
55
4.4. GPR DATA CHAPTER 4. FIELDWORK: RESULTS
DISTANCE [METER]
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
TI
M
E
 [n
s]
0
10
20
30
40
50
60
70
80
90
D
E
P
TH
 [M
E
TE
R
] at v=0,125[m
/ns]
0
1
2
3
4
5
6
±0 10 20 30 40Meters
A
A B
B
a
b
Figure 4.12.: The 400 MHz GPR profile (a) is located as crossection through Devils Kitchen (b).
Dipping layers were interpreted as well as a fault, marked in both images as dashed
line. The star marks a spot where diffuse reflectors coincide with an embayment.
Devils Kitchen Cross-Profile
A similar inversion of sediment transport was observed in Devils Kitchen. The 400 MHz survey 26
shows some nice features within the sediments graben floor. At Devils Kitchen, the entire Devils
Pocket graben makes a step of about 70 m to the west, leading to two overlapping graben-bounding
faults here (both are marked in figure 4.12, b). The profile (figure 4.12, a) starts right to the
east of the outer fault and shows dipping foresets similar to those of Cyclone Canyon. A change
occurs around 40 m along profile, where the profile crosses the second graben-bounding fault.
This fault is identified by ending reflectors and a change in reflector intensity. It should be noted
that west of the fault, layers dip towards the east. At a certain depth (about 10 ns) the dipping
stops and the layers protrude above the fault and above the east-dipping sediments, indicating
either a stop of the displacement or a rapid sedimentation. The area marked by the star shows a
narrow zone of sediments dipping towards each other. This coincides with a small embayment
that might have provided space for a local sediment trap. At the eastern graben boundary layers
again dip westwards, filled by a drainage path towards the Colorado. Compensating the deviation
of the profile to the perfect graben crosscut would lead to a quite uniform dipping angle into
56
4.4. GPR DATA CHAPTER 4. FIELDWORK: RESULTS
great depths and allows therefore an interpretation of constant displacement and sedimentation
rates over a long time. Assuming constantly dipping layers down to depths of at least 20 m and
high sedimentation rates of 1.5 mm/yr imply constant conditions for at least 13 000 a.
North and South of Devils Lane Relay
The Devils Lane Relay structure is interesting in several ways. In fact, it is hard to actually
name it a relay in the common sense, because here two grabens just begin/end at the same
location. Both grabens were named Devils Lane, however, the floor of the south-western graben
is 8 m lower than the floor of the north-eastern part. It seems therefore consequent to compare
GPR data of both graben parts with the surveys being located close to each other. Figure 4.13
(b) shows the location of both surveys, performed with the 100 MHz antenna. Note that the
airborne image is rotated due to layout issues, so that north is to the right here. Both profiles
are shown in figure 4.13 (a), marked by the labels ABCD. Although both profiles were taken on
the same day, using the same equipment and settings and also the same post-processing routine
and scaling of the images, some differences as well as some similarities can be noticed.
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Figure 4.13.: The 100 MHz GPR profiles (a) reveal sedimentary structures south of the Devils
Lane stepover (AB) and north of it (CD). Elevation differs about 8 m, with the
profile CD being higher elevated. Note the thickening of loose sediment towards
the stepover. (b) illustrates the location of both profiles. Note that north is turned
to the right due to layout issues.
In both profiles a change occurs in a depth of about 10 m, which is probably the previously
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mentioned contact of loose sediments and more compacted sediments. This contact appears
to be slightly deeper in the southern profile, what might be expected due to the less elevated
position and therefore higher sediment input. Somewhat problematic in this context is the fact
that layers are thinner in the southern part. In combination with the more diffuse and distorted
reflectors below the loose sand contact, this might be a result of higher input of gravel derived
from higher graben walls. The graben wall to the west of the northern profile is not as high
and shows less erosion, so the graben floor might be filled with more homogeneous and finer
sediments that appear as thicker reflectors in the GPR data.
A feature both have in common is a lowering of the loose/harder-contact towards the graben-
junction, coinciding with dipping layers. Similar sedimentary wedges were described also in the
Devils Lane Relay Stepover profile located between the two profiles here. Moreover, the data
look quite similar to the Devils Lane Eastern Graben Wall profile in both intensity distribution
and shape of the reflectors.
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4.5. Graben Walls/Faults
One important task of the field work was to investigate exposed graben walls in places where is
it clear that a fault is located. In an area so strongly faulted and young as the Needles Fault
Zone is, damages at the fault should be observable due to both fault-blocks scratching along
each other. The most indicative signs would be slickenlines, formed by rocks sliding along each
other. Despite intensive search, no slickenlines indicating normal faults could be found. In fact,
a lot of these specific uneroded rock surfaces show thick and intact calcite coatings. Figure 4.14
summarizes six indicative examples.
(a) A well preserved graben wall at the Devils Lane Relay (Waypoint 50) with minor calcite
coating overlain by thin aeolian dust.
(b) A smooth graben wall in the very south of Devils Pocket (Waypoint 213), without any sign
of slickenlines. No calcite coating was observed here.
(c) A slightly eroded graben wall in northern Devils Lane (Waypoint 59). An approx. 1 cm thick
calcite coating was found between the exposed wall and the block in the foreground.
(d) The image was taken between the graben wall and a downthrown block in central Devils
Pocket (Waypoint 54). The left side shows the actual graben wall. No signs of slickenlines
were observed here.
(e) & (f) Calcite coatings in southern Devils Pocket (around Waypoint 211). The linear
appearance in (e) is interpreted to be due to water flow since the surface is very smooth and
small dripstone-like features occur.
In this particular case, finding nothing provides the most significant information. Since no signs
of movement such as toolmarks or slickenlines were recognized along the exposed graben wall
rocks, faulting has been most likely dilational, localizing along the preexisting joints. Enhanced
permeability due to the faulting then led to higher fluid flow and precipitation of the observed
calcite coatings at the free joint surfaces.
Figure 4.14. (following page): (a) A well preserved graben wall at the Devils Lane relay with
minor calcite coating overlain by thin dust (Waypoint 50). (b)
Smooth graben wall in the very south of Devils Pocket, without
any sign of slickenlines or calcite (Waypoint 213). (c) A slightly
eroded wall in northern Devils Lane (Waypoint 59). (d) Directly
at a fault in Devils Pocket (Waypoint 54). No signs of slickenlines
were observed. (e) & (f) Calcite coatings in southern Devils Pocket
(Waypoint 211). The linear appearance in (e) is due to water flow.
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4.6. Calcite Sample
The one sample we were able to collect derived from a fault/joint with thick calcite coating that
was exposed more or less recently in Devils Pocket (Waypoint 55, see figure 4.15, a). Fortunately,
the hand specimen is oriented as a cross-section through all layers of the precipitated calcite,
providing information about all stages of precipitation.
By looking at the specimen macroscopically, two properties attract attention: (1) the undulant
shape of the bands (fig. 4.15, b) and (2) the difference in thickness of the bands, including some
that contain more reddish ultra fine-grained material. To study this sample microscopically two
thinsections were produced, together covering almost the entire cross-section. About 1.5 mm are
missing in the middle due to sawing. By that, a clean cut-surface is produced, which provides also
a nice macroscopic overview. Figure 4.15 (b) shows this crosscut, wetted for an enhanced contrast.
A distinct change in the precipitated material occurs roughly at the 3 cm mark, probably dividing
the formation of the calcite package in two processes. To the left many thin bands showing
cyclic changes from brownish to white colors indicate a superior influence, probably of climate
changes. To the right, a longer period of constant conditions led to a thick, homogeneous part of
clear calcite interrupted by thin bands of included reddish iron-bearing fine-grained material.
The analysis of the thinsections will reveal more details of the crystal growth, mineralogy and
potential microtectonic evidence.
a b
Figure 4.15.: (a) The specimen derives from an exposed fault/joint in Devils Pocket (Waypoint
55). (b) Cutting surface of the specimen, showing the origin of the thinsection
and the differences in the specimen’s composition. Note the undulating shape of
different bands.
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4.6.1. X-Ray Diffraction
For an accurate XRD measurement it is necessary to provide a flat surface to measure on. To
achieve that, a thin slice was cut off the sample (see figure 4.16 and compare to figure 4.15, d) to
fit into the XRD device. The different spots that were measured are marked on the image, the
numbers correlating to the numbers at the diagrams 4.18.
1
2
3
4
Figure 4.16.: Sample slice used in the XRD device. The white dots mark measured spots, numbers
correlating with the diagrams in figure 4.18
a b
Figure 4.17.: These images show basically the detector surface and the spots where diffracted
X-rays hit it. Note the difference between (a) which was measured at figure 4.16
number 3 and (b) measured at number 1. In (a) several focused spots are highlighted,
which indicate larger crystals, and therefore restricted measurable crystal-faces,
whereas (b) shows quite homogeneous signals, indicating small crystals with more
randomly distributed faces.
The images 4.17 (a) and (b) show the raw data derived from the detector. Image (a) was
measured at location 3 of figure 4.16 and image (b) at location 1. While the overall position of
the detected signals is the same, a distinct difference occurs in the intensity-distribution along
one signal-curve. While in image (a) a few focused brighter spots are visible, image (b) shows a
more homogeneous distribution. This is caused by different crystal-sizes. Since the x-ray beam
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hitting the sample has a quite small diameter and can therefore only measure a certain amount
of crystals, larger crystals having few crystal faces within this area will lead to a few stronger
signals. Smaller crystals in contrast have a lot more crystal faces with changing orientation
within the measured area and hence result in more equally-distributed signal-intensities. This
observation coincides with the macroscopic information.
The diffractograms in figure 4.18 show the signal distribution detected at the different measure-
ment points. On the x-axis the 2-Theta-Scale is plotted and on the y-axis the recorded counts.
A couple of observations can be made when comparing them:
1. The second diagram has a shorter 2-Theta-Scale. That is because we used a smaller nozzle
to achieve a smaller diameter of the x-ray beam.
2. Nevertheless, the diagrams look very similar regarding the peaks. In all diagrams, the
strongest peaks belong to clean calcite (CaCO3).
3. The third diagram has very low noise and few sharp peaks. This measurement was taken
at a spot with obvious clean calcite (less trace-minerals → low noise) and large crystals
(few different crystal faces → few peaks).
4. Besides the sharp peaks of the calcite with mostly high counts, a couple of less defined
bulges appear around 2-Theta values of 31, 41 and 45. These peaks can be associated
with a solid solution of the carbonates ankerite (Ca(Fe2+,Mg,Mn)(CO3)2) and dolomite
(CaMg(CO3)2). But the peak at 31 2-Theta is so broad that it cannot be produced only by
ankerite/dolomite. The most likely solution here is chloromagnesite (MgCl2), a salt derived
from seawater.
5. A closer look at these broader peaks reveal that the ankerite/dolomite peaks are most
distinct where the sample shows the brown color and small crystals. Though they are
also observable in the other diagrams (except in the pure calcite, diagram 3), here the
chloromagnesite peak is more distinct. It is therefore likely that the macroscopically
observable change does not only include changing precipitation processes, but also changing
chemistry.
4.6.2. Thinsection
To achieve a useful overview, the thinsections were microscopically photographed with 25 x mag-
nification and the photos stitched to complete images. Each section has a width of approximately
25 mm and the missing stripe between both measures 1.5 mm. Figure 4.19 shows the thinsections
with (a) parallel nicols and (b) crossed nicols. Though the nicols were parallel in (a) a certain
amount of colors is visible. This is due to inaccuracies of the polarizer. The increase of colors
to the left is a result of thickness-differences of the thinsection. Already in this setting distinct
changes are visible.
The right thinsection is characterized by numerous darker layers that are embedded in large
crystals (partly following the growth-structure) and provide evidence for cyclic changes. Figure
4.6.2 (a) shows a detail of this layering using crossed nicols. The thickness as well as the spacing
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Figure 4.18.: XRD diffractograms of different locations on the sample. The numbers refer to
the individual position of the measurements marked in figure 4.16. Most peaks
correspond to clean calcite, although some indicate the presence of Mg-carbonates.
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Figure 4.19.: Overview of the thinsections using (a) parallel nicols and (b) crossed nicols. The
large fractures on the right section derive from a damage in the glass. Basically
all other structures like growth-bands and fractures are oriented subparallel to
the host-rock wall. Major changes are obvious from large and defined crystals
interrupted by fracture filled with ultra fine-grained material to the right to less
defined crystals with a different orientation to the left. The details in the boxes are
shown in fig. 4.6.2
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between the darker layers changes in a way similar to, for example, varves. The spacing between
darker layers is usually below 50µm, often down to 5µm, while their thickness does not exceed
8µm and is mostly in the range of 2 - 5µm. Approximately 300 dark layers (some seem to be
not continuous or are diffuse) were counted in the right thinsection.
Parallel to these layers at least six fractures with different characteristics disrupt the grown
crystals. Image 4.6.2 (b) shows an open fracture with cavities at the boundaries filled with
fine-grained material; some well rounded quartz crystals are visible. Image 4.6.2 (c) shows two
fractures entirely filled with the same material. The filling with fine-grained material, as it
commonly occurs as weathered host rock material, implies a repeated crustification. This process
partly stops the precipitation, although some crystals still show epitaxial overgrowth.
This effect is even better visible at the fracture shown in image 4.6.2 (d). Here the fracture
first follows a weakened zone of included fine-grained material, but then deviates quite randomly
through intact crystals. The macroscopic view on this clay/silt reveals the typical reddish color
of the arid iron-bearing sandstone that is common in this region.
The second thinsection has only one concentrated cluster of darker layers and basically no clay-
enriched layers. Additionally, one open fracture occurs, without any filling, oriented subparallel
to the other fractures, but not following any weakened zones. Instead a certain amount of
porosity influences the path of the fracture as visible in image 4.6.2 (e). Such increased porosity
is quite common in calcite precipitated by fluid flow over free rock surface, and together with the
diffuse structure of the calcite crystals in this part of the sample and the undulate macroscopic
structure it seems reasonable to conclude a sinter-style precipitation here.
The left side of this thinsection represents the present-day exposed surface and shows a rim of
very porous clay/silt/sand mixture that is most likely the result of recent eolian and aquatic
crustification. Image 4.6.2 (f) shows this rim in detail. The compositional similarity to the layers
inside the sample are obvious implying the same source. A striking difference is the smooth
surface of the calcite beneath the rim.
The use of crossed nicols reveals the crystal structure of the sample. As noticed before, both
thinsections differ strongly. Although both sections show elongated crystals, the right one is
dominated by inclusions of crustified material and sharp defined crystals. Farther away from
the host rock, crystals seem to change their orientation, and no crustifiaction bands occur.
Higher magnification offers no signs for deformation, stress or pressure. Neither twins, undulose
extinction, bend crystals due to movement nor stylolites can be observed. Hence, the precipitation
took place without any movement of the host rock other than horizontal. The distribution of
smaller and larger crystals reveals a unitaxial growth towards the left, confirming the assumption
of a precipitation due to free fluid flow. The observed changes seem therefore to result of changes
in climate and the chemistry of the source fluid. If these changes might correlate with incremental
movements of the fault could not be determined.
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Figure 4.20.: (a) Growth-bands inside a calcite grain, layers follow growth orientation. (b) A
fracture only partly filled with crustified host-rock material, indicating a reactivation
of this fracture. (c) Overgrown crustification partly showing epitaxial overgrowth.
(d) A fracture, first following a weakened zone and then deviating (e) A fracture
located in the left part of the sample shows no filling, its trace defined by some
pores. (f) The porous outer rim of the sample, containing layers of fine-grained
sediments and quartz grains up to 50µm
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4.7. Summary
The field work in the Grabens, located in the Needles Area of Canyonlands National Park,
Utah/USA led to a number of interesting and useful observations:
1. Some rare outcrops allowed the measurement of both heave and throw of graben-bounding
faults. According to a simple trigonometric relationship bulk fault dips can be estimated
by using these measured values. Derived dips are in the range of 63◦ to 75◦. Respecting
that erosion increases the heave, it would shift the dips to slightly higher values, hence for
following analyses fault dips between 65◦ and 80◦ will be used.
2. Especially the less eroded graben walls in Devils Pocket and Devils Lane revealed the
vertical joint geometry. It turned out that the WNW-ESE joint set consists of two types of
joints, one with larger spacing and depth, cutting through the entire Cedar Mesa formation,
and one with smaller spacing that often terminates after a few meters. Moreover, joints are
often inclined in different directions. Considering that, the influence of joints on vertical
fault geometry is quite complex. However, the graben parallel joint sets seem to dip
vertically and smooth vertical graben walls are interpreted as joint surfaces.
3. Grabens crosscuts observed in Cross Canyon as well as a few outcrops in the northern
section reveal that the graben floor often shows internal faulting and even secondary horsts.
These findings are consistent with the results of previous workers (eg. Baker , 1933; Moore
and Schultz , 1999; Schultz-Ela and Walsh, 2002). In Cross Canyon the investigated graben
floors dip towards the Colorado River, due to higher dip-slip on one bounding fault.
4. The GPR surveys came up with surprisingly good results for structures in up to slightly
over 10 m depth, depending on the used antenna (400 or 100 MHz) and the sediment
properties. As a kind of benchmark, a transition from loose aeolian-fluvial material to more
compacted sediments was found in about 8 - 10 m depth that was described previously
by Grosfils et al. (2003) from refraction seismic data. The most interesting profile for the
purpose of this work are the ones close to or across graben walls. Of these, the profiles at
locations with apparently low deposition rates often show layers dipping towards the graben
walls and/or a wedge-shaped thickening of layers towards the graben walls. This can be
interpreted as evidence for ongoing horizontal offset, leading to a preferred deposition in
the created voids. Profiles associated with higher sedimentation rates were found to contain
sedimentary structures such as onset and foreset beds protruding towards the graben center.
Interpreting these structures might reveal cycles of changing deposition and deformation
rates.
5. The absence of movement indicators such as slickenlines or toolmarks and the instead
observed smooth original joint surfaces, often thick coated with calcite, indicated both
a strong dilational component of the faulting and a localization of deformation on the
preexisting joints.
6. The studied sample derived from a thick calcite coating. Macroscopic observation revealed
cyclic changes in color that unfortunately could not be correlated to any mineralogical
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changes by XRD investigation. However, the XRD shows almost pure calcite with some
dolomite/ankerite. Additional evidence for chloromagnesite occurs and might be interpreted
as indicator for fluid sources close to the Pennsylvanian evaporites. Thinsections confirm the
previous observations. Undulating structures of elongated grains, with numerous included
bands of fine-grained loose material lead to the interpretation of sinter-style precipitation
with cyclic crustifications and hence a free flow of the source fluid above the rock.
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5. Analogue Modeling
5.1. Introduction
Over the past decade the opportunities of computer-based numerical modeling has increased
dramatically, due to increasing computing-power, supercomputers and cluster-computing. Nev-
ertheless, modeling of large-scale processes like faulting still requires simplifications, since the
use of grain-size proportional particles will easily increase their number in the range of billions,
trillions or more. Analogue modeling is also usually incapable to scale grain-sizes, but reaches a
far higher amount of particles. The use of natural materials has the advantage of close-to-nature
properties like inter-particle effects, heterogeneity and in the end, outcrop-similar results.
5.2. Methodology
During this modeling work different deformation-boxes as well as techniques to produce joints
and acquire data were used. These are based on and partly known from previous work at the
department such as van Gent (2006), van Gent et al. (2010) or Holland et al. (2011), and will be
discussed briefly in the following subsections.
5.2.1. Materials and Scaling
Material
The most common material to model faulting is pure sand (dry or wet, e.g. McClay , 1990;
Keep and McClay , 1997; Schmatz et al., 2010). It is easy to handle, controllable by grain size,
and its properties are quite well known. McGill and Stromquist (1979) added an amount of
powdered limestone to sand aiming to increase its brittle character, and others like Mansfield and
Cartwright (2001) used wet plaster mud to model brittle deformation. Even complex polymer
materials combined with chemical reaction driven deformation were used, for example to model
joints as done by Rives et al. (1992) In this study I used dry hemihydrate (gypsum) powder
(CaSO4 · 1
2
H2O) for several reasons:
1. The aim of this work is to study the effect of preexisting joints, and it is basically impossible
to produce open joints in dry sand.
2. Sandstones as found in the study-area are brittle and have a tensile-strength, both properties
are not given by dry sand (Schellart , 2000). Therefore, sand would never produce open
space and steep scarps at faults observed in nature.
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3. Wet plaster is basically able to model brittle deformation to a certain extent, but it is
strongly time-dependent due to hardening. Additionally, the material has a certain viscosity
which will also inhibit the formation of prefaulting joints.
4. Dry hemihydrate powder in contrast is relatively easy to handle. Its properties are time-
independent (regarding constant room conditions as given in our laboratory) and they are
quite well known from the studies of van Gent (2006), Holland et al. (2006) and van Gent
et al. (2010). Unlike sand, gypsum powder has a true measurable cohesion (and hence a
tensile strength), behaves brittle independent of time, and can therefore form vertical walls
and open fractures. Finally, the hemihydrate has proved to scale quite well as analogue for
different brittle rock types (van Gent , 2006).
Material Properties
Since extensive studies to determine the mechanical properties of hemihydrate powder were done
earlier by other authors, I will only summarize the important facts briefly.
First measurements of cohesion and tensile strength as well as density and porosity aiming
for scaled analogue models were done by Holland (2004). He found a clustering of the very
small grains suggesting a complex yield locus. To achieve a better optical contrast he added a
small amount of blue sand to the hemihydrate. Shear strength was measured with a modified
Jenike shear cell, allowing low normal stresses similar to the stress regime within the deformation
box. Decreasing pre-loads starting between 1200 and 2500 Pa were used to finally create a
regression curve that gives reasonable values for the cohesion (C = 62 Pa) and the tensile strength
(extrapolated from the regression curve; στ = 47 Pa). Additionally to the shear-test a tensile
strength tester after Schweiger and Zimmermann (1999) was used, resulting in a tensile strength
of 33 Pa. Finally, from the known density of gypsum (ρ = 2300 kg/m3) and the measured density
of the hemihydrate powder (ρ = 864 kg/m3) he calculated a porosity of 60 %, decreasing with
increasing column height.
More recent studies (van Gent , 2006; van Gent et al., 2010) partly repeated the previous
measurements, but additionally allow deeper insights into the behavior of the material in
experimental use. The authors used a different brand of hemihydrate, causing slightly deviating
results of shear and tensile strength tests. The density of this powder is given as 732 kg/m3 and
the porosity slightly higher than in Holland (2004) with 75 %. 2.5 % of colored sand were added
later on to increase the optical contrast for the PIV analyses (see section 5.2.4). An important
property of the material is the compaction. It was noticed that during the experiment-setup an
increasing sieving-height leads to higher densities. This trend stops at a height of about 30 cm,
at which the powder reaches a constant velocity due to a balance of air friction and gravity.
Another way to express compaction is by means of the void ratio, which is needed later. The
void ratio e is defined as
e =
φ
1− φ (5.1)
with φ being the porosity. Compaction as such is then the change in void ratio ∆e.
Aiming for a detailed material-characterization numerous shear-test were performed using
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different pre-loadings (resulting in different compaction). Initial void ratios were calculated for
each run. Tensile-strength tests after Schweiger and Zimmermann (1999) gave a value of 9 Pa
for the uncompacted powder, increasing proportionally to the pre-compaction stress (that is
converted to initial void ratio again), as shown in figure 5.1.
Figure 5.1.: Diagram illustrating the measured relationship of initial void ratio and tensile
strength of hemihydrate powder. Taken from van Gent et al. (2010)
Using the results of shear and tensile strength tests and the knowledge of initial void ratios
allows the creation of a ’Cam-Clay’-type diagram as it was first introduced by Roscoe and
Schonfield (1963). This three-dimensional diagram contains the normal and shear stress drawn
on the x- and the y-axis respectively, defining the Mohr-Coulomb failure criterion. Additionally,
the z-axis shows the initial void ratio that describes the state of pre-compaction. Figure 5.2
shows the final result.
Scaling
In analogue modeling of geologic processes the scaling is an important issue, in the sense of known
relationships between the model and the field analogue. Hubbert (1937) was the first to define
scaling laws that are since used by numerous modelers (e.g. Ellis and McClay , 1988; Childs et al.,
1993; Adam et al., 2005; Holland et al., 2006). A useful scaling-review and study of different
granular modeling-materials is given in Schellart (2000), who investigated scaling-properties of
dry sand, glass microspheres and caster sugar.
Scale models are always based on similarity between nature and the model. According to
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Figure 5.2.: Cam-Clay-type diagram fully describing the properties of hemihydrate powder as
function of initial void ratio, normal stress and shear stress. Taken from van Gent
et al. (2010)
Twiss and Moores (2007) this can be a geometrical similarity if
λ =
Lm
Lp
(5.2)
with λ being the length-scaling factor, Lm being the distance between two points in the model
and Lp being the distance between the same points in the natural prototype. A kinematic
similarity is achieved if the scale factor of time τ is given as
τ =
tm
tp
(5.3)
with tm as time needed for a process in the model and tp as the time needed for the process in
the prototype. Additionally the scaling factor of the mass µ
µ =
mm
mp
(5.4)
(mm = mass in the model, mp = mass in the prototype) is needed to calculate all other quantities
like stresses or forces (Hubbert , 1937). A problem is the scaling of time, since it depends on
gravity. This can be avoided by assuming the material to be either static or moving with a
constantly low velocity. In the given case it is possible to provide a low deformation rate. But
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of course this is just a rough simplification and its validity, especially for manual-controlled
deformation rigs, is problematic. Nonetheless, for the outcome of this work neglecting this
theoretical problem is reasonable.
In the following, symbols for scale factors are used from Twiss and Moores (2007). To finally
describe the scaling factor for length λ by using τ and µ some small calculations are needed. The
mass can be described as density times volume, or in terms of our ratios:
µ = P · λ3 (5.5)
with P being the ratio of density. Then the ratio of mass is also included in the equation for the
ratio of forces ζ, which is mass times acceleration. The acceleration in this case equals gravity
and is as defined earlier = 1.
ζ = µ · λ
τ2
= µ · γg = µ (5.6)
Since stress/strength is a force that acts on a surface, its ratio (Σ) can now be described as
Σ =
ζ
λ2
= µ · λ2 = P · λ (5.7)
which can finally be written as
λ =
Σ
P
(5.8)
Therefore, the knowledge of stress/strength and density ratios is enough to calculate the length
ratio and scale the model. A restriction of this scaling law was noticed by van Gent (2006).
Resulting from equation 5.8 stress/strength and density need to be independent. This is though
not the case for hemihydrate as shown by the experiments of van Gent (2006) that reveal an
increase of strength with increasing compaction (compare fig 5.2).
Since rheological data about the rocks at the grabens area of Canyonlands National Park are
non-existent, values of the Pennsylvanian Weber Sandstone of Colorado and Utah (Twiss and
Moores, 1992; Schellart , 2000) must be adapted. In the study area Pennsylvanian rocks are
overlain by younger, less buried Permian sandstones, therefore values of a weaker sandstone
(Jaeger and Cook , 1976) are also considered to achieve a reasonable range. Both data-sets are
shown in table 5.1. Data derived from different studies show that terrestrial sandstones usually
fit into this range (e.g. the Ordovician sandstone of the Newspaper Member, South Africa Bell
and Lindsay , 1999).
Rock type ρ (kg/m3) µ φ (◦) C (MPa) Source
Undefined sandstone 2600 - 2700 1 0.51 26.6 28 Jaeger and Cook (1976)
Weber sandstone 2600 - 2700 1 0.60 31 70 Twiss and Moores (1992)
Hemihydrate 732 0.60 0.71 2 40 - 250 van Gent (2006)
Table 5.1.: Summary of rock-properties that were used for scaling.
Using these values permits the calculation of the density and stress/strength ratio, respectively:
P =
(2600− 2700) kgm−3
732 kgm−3
= 3.55− 3.69 (5.9)
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Σ =
(28− 70)MPa
40− 250Pa = 0.11 · 10
6 − 1.75 · 106 (5.10)
Combining the results of 5.9 and 5.10 in equation 5.8 leads then to the scaling factor of length:
λ =
0.11 · 106 − 1.75 · 106
3.55− 3.69 = 31532− 474444 (5.11)
Hence, 1 cm in the model is equivalent to 315 - 4744 m of the sandstone in nature. Another
important factor has to be regarded, though. The previously stated rheology tests were performed
on small samples instead of the entire rock-mass. As Hoek (2007) proposed, sedimentary rocks
contain on larger scale different structures leading to local weakness planes, such as layers of ash
or clay, weathering surfaces or even faults and fractures. These structures occur much fewer in
small samples than in the formation, leading to a higher strength in the sample than in nature.
Holland (2004) assumed a strength-reduction in an order of magnitude which is also used by
van Gent (2006) and van Gent et al. (2010) and is therefore also accepted here. According to
equation 5.8 a reduction of strength in an order of magnitude also reduces the scaling of length
in an order of magnitude resulting in a final scaling range of λ = 3153− 47444 meaning 1 cm in
the model equals 31 - 474 m in the prototype.
The lowest scaling factor of λ = 3153 is pretty close to the field analogue (sediment thickness up
to 500 m). A model-height of 19 - 20 cm represents ∼ 600 m of sediments. Regarding the strong
pre-fracturing and existence of joints due to salt tectonics, rock strength might be even smaller
than suggested here. This scaling is therefore suitable for brittle sandstones and hemihydrate
powder for the modeling of dilatant faults and fractures.
5.2.2. The Boxes
During this experimental-phase two different deformation boxes were used, both already existing
from previous workers. The first box allows graben formation by pulling the two footwall blocks
apart and the hanging wall block downwards as sketched in figure 5.3 (van Gent et al., 2010). To
provide a constant movement the box is motor-driven. The benefit of this box is that it is confined
by glass panes and therefore allows insight into deformation in depth. A major disadvantage
is the small width of only 15 cm, that strictly restricts the study of joints non-parallel to the
basement fault (basement-fault angle: 60◦). Hence, this box is used to study and calibrate the
joint depth and location in relation to the basement-fault. The key-facts of this box are (1)
length: 75 cm, (2) width: 15 cm, (3) max. depth: 26 cm, (4) basement-fault angle: 60◦, (5) max.
displacement: 8.5 cm.
Later on another box from Holland et al. (2011) was used to study deviated joints and joint-sets.
This box is larger in size (28 x 30 x 19 cm, basement-fault angle: 60◦), but only provides a
half-graben setting and no confining glass-panes (see sketch in figure 5.4). As a result of this
construction, internal structures can only be observed by horizontal slicing of the experiment
at the final stage. Nevertheless, the larger width of the box allows the creation of longer joints.
This box was initially developed to run experiments within a ct-scanner and therefore contains
basically no metal, and as disadvantage also no motor. The manual deformation easily leads
to movements of the entire box and irregular, jumpy downthrow. This might affect the PIV
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Figure 5.3.: Dimensions of the box used by van Gent (2006)
analyses negatively, but since optical data recording is only possible oblique or from the top
anyway, this is not too bad. The key-facts of this box are (1) length: 28 cm, (2) width: 30 cm,
(3) max. depth: 19 cm, (4) basement-fault angle: 60◦, (5) max. displacement: 4.5 cm.
18 cm
30 
cm1
9 
cm
4.5 cm
10 cm
Figure 5.4.: Dimensions of the box created by Holland et al. (2011)
5.2.3. Producing Joints
Thanks to the cohesion of hemihydrate powder, joints can be produced as open voids in these
models. It is difficult, though, to create the joints without any damage to the surrounding
material. Two simple methods are tested for their suitability: (1) The creation with a sharp
metal scraper after filling the box with hemihydrate and (2) by mounting sheets of paper (or
other material) at the position of the joints, bury them, and remove them prior to the experiment
start.
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Figure 5.5.: These images compare the two most usable methods to create joints. The joint in
(a) was produced by impressing a metal scraper into the hemihydrate powder. The
corresponding PIV image, illustrating the displacement, reveals a strong influence,
not only sideways but also in depth. The joint in (c) was created by burying a
sheet of paper and later removing it with strings. The corresponding PIV image
shows only a very slight influence in the very upper part. Note the different scale.
Displacement is hardly exceeding the random noise.
The tests are performed by sieving a pile of hemyhidrate against a glass pane, taking photos
before and after creating the joint and then analyze the photos using particle imaging velocimetry
(PIV, see 5.2.4) to show the amount of deformation. The first method is easier to perform, but
has certain disadvantages. The scraper has to be pushed into the hemihydrate and then pulled
out again. During these two movements a horizontal component can never be averted, leading to
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a compaction of the surrounding powder or to additional fractures due to friction at the scraper.
Additionally, the process of impressing results in compression beneath the scraper and therefore
affects material properties in depth. Figure 5.5 (a) and (b) show the raw image after imprinting
the joint and the PIV analysis revealing a high horizontal deformation. Sharp contrast in the
amount of deformation describe the formation of fractures.
The second method in contrast is slightly more difficult in preparation, but is then better
controllable and shows less effect on the surroundings. A sheet of paper is fixed by two thin
strings within the box before starting to fill in the hemihydrate. The paper needs to be slightly
wider than the box width and slightly higher than the planned joint depth, to provide a safe
fit within the box without affecting the filling process distinctly. Once the box is filled to the
wished level, the paper can be removed carefully, using the attached strings. Since there is
no direct contact to the paper and only one movement - the pulling - is necessary, the effect
on surrounding powder is notably reduced in comparison to the first mentioned method. The
avoidance of impressing completely removes the effect on underlying material and the flexibility
of the paper compensates slight horizontal movements. Figure 5.5 (c) and (d) show again the
raw image and the PIV analysis indicating the amount of deformation. Although the scale is
already reduced to a maximum displacement of 5 pixels, almost the entire image shows a very
low, homogeneous deformation which is just noise. A very slight increase up to about 1 pixel is
visible on top of the hemihydrate pile. This means a displacement of less than 0.03 mm, which
is a rather good result. Figure 5.6 shows an example of the joint creation with paper. In (a)
numerous sheets were hung 5 cm deep inside the box after filling it up to approx 15 cm height.
In (b) the space between the paper sheets is then filled to the planned elevation level. Removing
the sheets by pulling them out with the attached strings leaves the wished open joints.
a b
Sheets of paper
Strings to remove 
the paper
Figure 5.6.: Photographs illustrate the steps during joint creation. (a) After filling the box up to
15 cm height, sheets of paper with attached strings are hung inside. (b) The space
between joints is then filled with hemihydrate and the strings are removed by the
attached strings.
More complex methods might be used for follow-up studies. By using a comb-like tool for
example, the tensile strength of the joints can be adjusted freely. However, this is not necessary
for this more basic study and is therefore disregarded here.
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5.2.4. Data Acquisition and Analyses
The main focus in data acquisition is on photography, since nearly all other optical or noninvasive
methods are very expensive. During the experiment photos are taken in incremental steps (either
time-dependent for the motor-driven box, or after each movement for the manual box). Usually
two high-resolution computer-controlled DSLR cameras (Nikon D80 & D90) are used, one in
side-view and one in topview. At the final stage of deformation additional detail-photos are
taken.
Especially the topview images allow measurements of the faults’ roughness or deviation from
the basement-fault or joints, similar to the GIS analyses of the Canyonlands grabens (compare
to chapter 3). This way a comparison of models and nature is easily possible, of course under
the restrictions of scaling and material inhomogeneity.
A technique that became accessible during this study is the calculation of 3-dimensional
models by using stereophotography. The software 123D Catch developed by Autodesk provides
that without charge and uses cloud computing. These models are a great way to preserve the
experiments for later measurements or visualization. Movies of all achieved models can be found
on the attached DVD. A screenshot of a produced high resolution mesh model is given in figure
5.7.
Figure 5.7: Screenshot of a stereopho-
tographically produced 3D
model. The software 123D
Catch from Autodesk was
used.
Another more automated way of analyzing images is a method called Particle Imaging
Velocimetry (PIV). This is an optical software-based method, where every image is segmented
into small interrogation windows (their size is user-defined) that are then correlated between two
successive images. The software recognizes certain patterns given by sand-grains for example and
calculates vectors for the movement between both images. Applied to the entire image and all
images of an experiment PIV gives information about the movement direction and velocity in very
high resolution. Computer-based PIV techniques have been studied and used for most different
tasks like traffic observation or fluid dynamics for a long time (Aggarwal and Nandhakumar , 1988).
Nevertheless, the analytic application in analogue modeling of geologic processes was developed
more recently (Wolf et al., 2003; Holland , 2004; Adam et al., 2005; Holland et al., 2006; van
Gent , 2006; Schmatz et al., 2010; van Gent et al., 2010). Using high-resolution digital cameras in
sand-based models allows a PIV resolution close to the grain-size of the sand. Since the grain-size
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of the hemihydrate, that is used here, is pretty much smaller, there is no macroscopic optical
contrast between the grains and the image resolution is far from reaching grain-size resolution.
Still, PIV can easily recognize fractures and movements of the basement and the surface, and by
adding some sand to the hemihydrate the contrast within the fine powder is enhanced artificially.
The suitability of PIV for the analyes of hemihydrate models was proved and used for example by
Holland et al. (2006) or van Gent et al. (2010). For this study the software DaVis from LaVision
was used.
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5.3. Joints in Full Graben Setting
To understand the basic interaction of preexisting fractures and normal faults a small series of
experiments was performed using the deformation box of van Gent (2006) to provide side-view
information during deformation. Since the small width of the box would not allow much deviation
and the side-view would only show a 2-dimensional result anyway, joints were only created parallel
to the basement fault. The results provide deeper insights in the communication of joints and
faults.
5.3.1. Experiment ”Two Joints”
Setup
In this experiment, only two joints were imprinted into the hemihydrate, located above the
basement fault. They reached to a depth of 5 cm, which is about a quarter of the total powder-
height. This relationship should be similar to the field analogue of the Canyonlands grabens.
The position of the joints is marked by dashed lines in the photographs 5.8.
Observations
The first failure occurred as listric faults with pure mode I fractures at the top. Similar behavior
was described by van Gent et al. (2010), who used the same material and box. These fractures
localized quite far from the basement fault and are marked with a red arrow in image (a). This
image, though, pictures the situation after 25 % deformation. It is to see here, that fractures
moved incrementally towards the middle, but still preserved the mixture of failure modes. The
PIV image reveals a diffuse lens-shaped strain at the left bounding fault, which is the result of
the moving fault. The right bounding fault localized sharply and steeper than the left one. No
movement occurred at the joints.
After 50 % total deformation (b) on both sides a major fault started to form, each with distinct
features. The left escarpment had a remarkable overhang and created a huge open void. The
right fault was characterized by fast collapsing material at the scarp and had therefore a system
of small open fractures instead of one large. Two new and steep dipping fractures appeared
in the middle of the graben, forming a kind of secondary horst. The PIV image indicates a
reduction in size of the previously mentioned diffuse lens at the left fault. The right fault is still
sharply defined, but shows a horsetail-like splitting of strain localization at the top, due to the
collapsing and rotating blocks. Still no movement occurred at the joints.
At 75 % displacement (c) no major changes occurred. Both main faults showed localized strain
now in a quite symmetric shape as the PIV analysis points out. The existing fractures enlarged,
mainly at the main faults, but no new fractures formed.
Then at a late stage a conjugate fault activated the left joint as it can be seen in the PIV
image (d). The strain is marked by an arrow. At the same time, the main fault made another
step towards a steeper dip, and PIV reveals two active strain localizations here. The horst in the
middle of the graben formed out a little bit more and at the right main fault a second branch of
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strain localization, steeper than the previous one, started to form at the top. This is the final
stage after 4.5 cm net slip.
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Figure 5.8.: This series of side-view images allows insight into a graben formation with two joints
located right above the basement fault traces (marked by dashed lines). Stages
of deformation are (a) 25 % (b)50 %, (c) 75 % and (d) 100 %. The first fractures
occurred far from the basement fault (red arrows); note the secondary horst that
developed during the deformation. Strain localized only on the left joint in a late
stage.
During this experiment, it turned out that the box does not provide the mechanical reliability
to create faults at repeatable positions. It is therefore not manageable to change the position of
one single joint in relation to the basement fault. As a result, another experiment in this box
using a regular spaced joint set should allow better insight in the fault development.
82
5.4. CHANGING JOINT ANGLE CHAPTER 5. ANALOGUE MODELING
5.4. Series Changing Joint Angle, 2.5 cm Spacing
This series of experiment was performed in the wooden box of Holland et al. (2011). Figure 5.9
illustrates the setting during setup (a) and running (b) of an experiment. A suction bell keeps the
dust emission to a minimum while sieving the powder into the box, and oblique lighting enhances
the optical contrast, allowing to control the surface topography. Two computer-controlled cameras
take pictures of the box in regular intervals during deformation. One topview camera allows a
PIV analysis afterwards, while an oblique-oriented camera provides structural information. The
use of two LED lights results in both a good lighting and contrast due to shading.
Cameras
LED lights
Deformation box
Suction bell
a b
Figure 5.9.: Setting during experiment setup (a) and run (b).
To start with a simple and controllable setting, about 5 cm-deep joints were produced by
burying sheets of paper with a spacing of 2.5 cm within the hemihydrate. Before the experiment
started the paper was removed, leaving open joints. Similar settings with subparallel joints and
faults can be found in numerous places in the northern Grabens Area of Canyonlands NP. For
all experiments of this series the deformation was carried out by twisting the screw a quarter
of a turn and then taking photos from two perspectives (topview and oblique view). The total
displacement was 4.5 cm and in the end 145 photos were taken. To achieve quantitative results,
a PIV analysis was performed with the topview images. A series of photographs together with
the corresponding PIV images is provided for each experiment. Additionally, movies from both
the topview and the side-view as well as different PIV evaluations and a 3D-rendered movie can
be found on the attached DVD.
83
5.4. CHANGING JOINT ANGLE CHAPTER 5. ANALOGUE MODELING
5.4.1. Experiment 0◦
Setup
In this experiment the joints do not have a deviation to the basement fault and is therefore the
simplest tested geometry.
Observations
Figure 5.10 contains topview images of the experiment and the corresponding PIV images after
5, 50 and 100 % displacement. The colors indicate the rotational component of the vector field.
The extension was oriented to the right. The most important observation is that the deformation
concentrated entirely on the predefined joints. Some minor boundary effects caused a slight
curvature at the borders, where smaller blocks were grounded. The first movements (a) focused on
a widening of joint (3) and a slight closing of the joints (4) and (5). At this stage of deformation
the boundary effects already had strong influence causing minor fractures orthogonal to the
joints.
At 50 % displacement (b) the main deformation moved to joint (4) that, although closed in
the early stage of deformation, apparently preserved a low cohesion. Very weak deformation can
be noticed at joints (6) and (8) from the PIV analysis.
Until the final stage (c) no major changes occurred. The main deformation still concentrated
on joint (4) and some minor deformation can be noticed on the joints (6) and (8). These last
named turned out to be conjugate faults leading to the formation of a secondary graben structure
within the half graben setting defined by the deformation-box. It is possible to see from the
topview photos, oblique photos and the PIV analysis, that this graben formed by normal faulting
at the bounding faults and a compression of the hanging wall. This compression is expressed by
a closing of the same joints.
The detail photos 5.11 (a) and (b) were taken at the final stage of deformation and allow a
deeper insight into the occurring features. Clearly, the joint surfaces were still very smooth and
widely continuous (a), disregarding the boundary effects. Especially in (b) the displacement
increments are easily visible. The joints in the footwall of the main fault distinctly widened, but
most throw took place at the joint between footwall and hanging wall. Interesting are the sharp
and sawtooth-like structures visible within this joint, which were incrementally formed during
deformation.
Figure 5.10. (following page): This image series shows topview photographs and the correspond-
ing PIV analysis of the 0◦ experiment at (a) 5 %, (b) 50 % and
(c) 100 % displacement. Deformation is oriented to the right. The
dashed red and green lines indicate the position of the basement
fault and the projection of the basement fault at the surface, re-
spectively. Note that deformation concentrates on preexisting
joints, and ground blocks are caused by boundary effects.
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Figure 5.11.: (a) Front view at final stage of deformation. Joint surfaces are very smooth. (b)
Oblique view at final stage of deformation. The gradual forestepping of displacement
from second to fourth joint is nicely visible as well as the structures within the
opened fourth joint.
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5.4.2. Experiment 4◦
Setup
This was the first experiment with the joints heaving an angle to the basement fault of 4◦. The
friction at the boundaries of the box were reduced by applying the paper-bury method there.
Nevertheless, boundary effects could not be removed entirely. No fractures occurred, though,
during or after the setup.
Observations
Figure 5.12 shows five steps of the deformation, each of them with a topview raw image and the
corresponding PIV analysis: (a) 5 %, (b) 50 %, and (c) 100 %. In the beginning, the raw image
reveals almost no fracturing. Only minor small fractures occur at the boundaries, better visible
in the PIV image. There, also the beginning opening of joint (4) is visible. A difference to the
previous experiment is that here the displacement almost directly localized at the fourth joint
and stayed there to the end.
At 50 % total displacement it is clear that the main fault focused on the fourth joint, where a
wide gap formed. To the right of this gap, a small fracture developed normal to the joint strike.
The PIV analysis found movement only on this single joint.
Not much changed to 100 % total deformation. The main fault still focused on the fourth joint,
creating a wide open gap. What can hardly be seen on the topview images is a secondary graben
resulting from conjugate normal faults on the right side of the image, spreading on the joints (7)
and (8).
The details in figure 5.13 display the final structures. In image (a) it is again obvious that the
joint surface remained smooth and only one high scarp was produced. (b) reveals the deformation
structure. No displacement occurred to the left of the main fault, although the joints on the
right were slightly opened. The shallow secondary graben might be inferred, but is better visible
in the time-lapse movie. Also, the deviation of the fault according to the joint strike is visible.
A detail of the faults interior is pointed out in (c) and (d). The fault plane shows an undulose
and zigzagged shape that reflects incremental changes of fault localization. Streaks on this
sawtooth-like structures appear to be slickenline. Using image analysis (see figure 5.13, d) led to
estimated dipping angles ranging from 60◦ to 70◦.
Figure 5.12. (following page): The image series shows the deformation of the 4◦ experiment
at (a) 5 %, (b) 50 %, and (c) 100 %. Joints are deviated to the
basement fault in an angle of 4◦. Extension is oriented to the
right. The dashed red and green lines indicate the position of the
basement fault and the projection of the basement fault at the
surface, respectively. Boundary effects are strong at the beginning.
Note that displacement localized almost entirely on the fourth
joint.
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Figure 5.13.: Details of the 4◦ experiment. (a) shows the smooth joint surface. In (b) the
deviation of the fault is visible. (c) and (d) depict the rugged sawtooth-shaped
fault interior with a dipping angle of 60◦ to 70◦, estimated from image analysis.
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5.4.3. Experiment 8◦
Setup
The setup is in general analogue to the previous experiments, except that the joints are deviated
to the basement fault in an angle of 8◦. Due to this deviation the number of joints had to be
reduced by one. Unfortunately, during the finishing of the setup some small fractures occurred,
crossing from the upper left corner diagonally through the box to joint(8). This fracture has
been reactivated during the deformation later on.
Observations
Figure 5.4.3 displays topview photographs and PIV analysis of the 5, 50 and 100 % displacement
steps. The dashed red and green lines indicate the position of the basement fault and the
projection of the basement fault at the surface, respectively. As before, the movement initiated
by opening a joint far from the basement fault. In this experiment, the third joint shows the
first movement (a). In the same process, joints in the hanging wall were narrowed slightly (see
fifth joint from the left). Boundary effects already turned up, forming a fracture normal to joint
orientation.
Ongoing displacement shifted the deformation to the fourth joint and finally to the fifth as
seen after 50 % displacement (b). During this shift, two fractures developed crossing from the
third to the fourth joint and one crossing from the fourth to the fifth, quite in the middle of the
box. These fractures allow the strain to localize on different joints, resulting in open voids and
active displacement on all of the three joints. The diagonal fracture in the upper right corner
was now activated by beginning conjugate faulting, although the small displacements are not
visible in this particular PIV image. In the movie they can be noticed occasionally as red or blue
lineations.
Until the final stage (c) most strain localized at the existing fractures, coinciding with
preexisting joints. Still, the displacement was shifted between joints by the early-formed joint-
normal fractures. Only one new fracture developed, perpendicular to the joint orientation,
between the first and second joint from the right.
Details are outlined in figure 5.15. In (a) an oblique view is visible, depicting the final structures
of the experiment. As before, the joint surfaces remained very smooth. A new feature in this
experiment is the appearance of wedges at breached blocks (see red arrows). These wedges had
their crest far above the deepest point of the bounding joints. Detail (b) shows a topview of
the breached area and (c) is a front view of the escarpment. In (c) it also occurs that the one
block marked with a star not only tilted towards the half-graben, but also had a slight dip in the
direction of joint-strike.
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Figure 5.14.: This image series shows topview photographs and the corresponding PIV analysis
of the 8◦ experiment at (a) 5 %, (b) 50 % and (c) 100 % displacement. Deformation
is oriented to the right. The dashed red and green lines indicate the position of the
basement fault and the projection of the basement fault at the surface, respectively.
Strain spread over three preexisting joints. This caused the joint-normal fractures
occurring in the lower part of the images. Conjugate faults occur, but are not
visible in the PIV images.
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c
Figure 5.15.: (a) Oblique view of the experiment at final stage. Note wedges at stress releasing
fault-stepovers (red arrows). (b) Topview of the stepovers revealing a rotational
component of a breached block. (c) Front view shows the preserved smooth joint
surfaces.
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5.4.4. Experiment 12◦
Setup
For this experiment the angle between basement fault and the joint set was increased to 12◦.
No decoupling sheets of paper were applied at the outer confining walls of the deformation box.
Fracturing prior to the start of the experiment could be avoided.
Observations
A time series, illustrating 5 (a), 50 (b) and 100 % (c) displacement, is depicted in figure
5.16 together with the corresponding PIV images, analyzing the rotational component of the
deformation vectors. The first millimeters of displacement reactivated a very small fracture, that
has formed orthogonal to the joints strike during the joint creation. This fracture has slightly
widened at 5 % displacement and is marked in fig. 5.16 (a) by an arrow and a (1). At this very
beginning of deformation already a second joint-normal fracture had formed, marked by a (2). It
occurs that in both cases the joint to the left of each fracture opened up a little. This observation
is confirmed by the PIV analysis, where extensional movement subparallel to the joint strike
occurs as red lines. Short blue lines at the position of the previously named fractures describe
their sinistral displacement. In the lower part of the PIV image another blue line occurs at joint
(5) indicating a closing of this void.
At 50 % displacement the joints (2) and (3) had been affected by minor displacements, while
most strain localized now at the fourth, fifth and sixth joint, stepping incrementally forward.
A number of smaller and joint-normal fractures, usually not longer than the joint spacing, had
formed on both sides of the main fault. The development of a conjugate fault can be noticed by
a widening of the joints (9) and (10). A new feature evolved at the central stepover structure.
Instead of instantly forming a wedge as in the previous experiment, the block started to tilt and
rotate away from the footwall. This movement led to a small thrusting event. This is outlined in
the detail of (b). The corresponding PIV image reveals that at this very timestep the movement
concentrated only on the fourth, fifth and sixth joint.
At the final stage the main fault still localized on the named joints. The rotating block of (b)
had been tilted almost vertically and finally was not grounded. Beneath it a wedge similar to
those from the previous experiment appeared. Joints in the hanging wall block (upper part of
the image) had opened slightly, but the PIV image reveals that they were about to close again.
The opening of the joints (9) and (10) due to conjugate faulting increased slightly. The PIV
analysis uncovered nothing new. At the stepovers the analysis fails due to diffuse depth-effects
and bad lighting.
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Figure 5.16.: This image series shows topview photographs and the corresponding PIV analysis of
the 12◦ experiment at (a) 5 %, (b) 50 % and (c) 100 % displacement. Deformation
is oriented to the right. The dashed red and green lines indicate the position of the
basement fault and the projection of the basement fault at the surface, respectively.
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5.4.5. Experiment 16◦
Setup
This experiment yields an angle between joints and the fault of 16◦. A difference to the previous
experiments was the use of sheets of paper at the boundaries, comparable to the joint creation
method, aiming to reduce boundary effects. Unfortunately, the removal of these papers led to a
collapse of material at the boundaries and hence the formation of continuous fractures parallel to
the side of the box (marked by a white dashed line in fig. 5.4.5, a). The effect of this is, though,
distinguishable from deformation due to the faulting.
Observations
The first deformations after 5 % displacement are shown in figure 5.4.5 (a). Besides the previously
mentioned fractures that result directly from the setup, a set of similar fractures occurred in
the lower part of the image. This might be a secondary effect of the creation of space along the
boundary by removing the paper. Besides that, a minor opening of the fifth joint can be noted
(see red arrow). The PIV analysis localized the deformation mainly close to the boundaries and
associated with secondary joint-normal fractures.
At 50 % displacement (figure 5.4.5, b) a single main fault has developed, spreading across the
fourth to seventh joint. In the upper part of the image the previously-formed fractures (see
section ’setup’) describe a small movement to the right, as indicated by the small black arrow. A
rotating block, similar to the one described in the 12◦ experiment, developed at the fifth joint
(see outlined detail). Again, it coincided with a minor thrust. Joint-normal fractures developed
around the main fault and close to the right wall of the box, the latter being a result of beginning
conjugate faulting. It is observable that the joints (9) to (11) started to open up. The result
of the PIV analysis is quite bad, since the large open voids at the main fault allow only weak
pattern correlation. It is nevertheless obvious, that strain localized strictly to the preexisting
joints or joint-normal fractures. A small exception occurred at the lowermost image part, where
boundary effects caused fault-parallel damage.
The main changes that occurred at 100 % (figure 5.4.5, c) displacement are a further opening
of the joints affected by conjugate faulting as well as the opening of joint-normal fractures in the
bottom part of the image. The main fault reveals a strong grounding of material and as far as it
can be observed a straight fault trace in depth. Fault dips close to the joint terminations change,
though, according to the previously observed wedges.
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Figure 5.17.: Image series showing topview photographs and corresponding PIV analysis of the
16◦ experiment at (a) 5 %, (b) 50 % and (c) 100 % displacement. Deformation
is oriented to the right. Dashed red and green lines indicate the position of the
basement fault and its projection at the surface, respectively. A dashed white line
indicates fractures that formed prior to experiment start. A red arrow in (a) marks
the location of first movement. A black arrow in (b) indicates movement at the
boundary. The detail outlines the thrusting and rotation at a stepover.
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5.4.6. Experiment 20◦
Setup
For this setup, the angle between the joint-set and the basement fault was set to 20◦. The
decoupling sheets of paper at the outer box walls, tested in the previous experiment, were not
used any more, since the damage during the removal exceeded the influence of boundary effects.
It could therefore be provided that no fractures formed prior to the beginning of the deformation.
Observations
The initial deformation at 5 % deformation (figure 5.18, a) occurs as some joint-normal fractures
(see arrows 1 and 2), localizing at fault stepovers that are almost invisible for the naked eye. The
PIV analysis reveals that displacement took place on the third to sixth joint, stepping forward
incrementally.
At 50 % deformation (figure 5.18, b) it turns out, that the main fault jumped one joint to the
right in total, compared to the initial fracturing. Nevertheless, the initial fault localization took
some amount of deformation, expressed as opened joints and joint-normal fractures. At this
stage, the conjugate faulting already started, also expressed by joint opening (Joints 10 and 11)
and joint-normal fracturing. Key 3 marks a strongly tilted and breached block, depicted by the
PIV image in interfering red and blue, due to the deformation exceeding the scale. As observed
before, this tilting led to a small thrusting event at the surface.
Up to the final stage of deformation (figure 5.18, c) block 3 collapsed and was grounded.
Within the main fault, especially in the upper part, the fault plane is visible. The outlined detail
shows an interpreted isocline, illustrating the changing dip direction of the fault at this particular
stepover. The highest offset of the conjugate faulting took place at joint (10). The PIV image at
this increment only recognized movement on the main fault.
Figure 5.18. (following page): This image series shows topview photographs and the correspond-
ing PIV analysis of the 20◦ experiment at (a) 5 %, (b) 50 % and
(c) 100 % displacement. Deformation is oriented to the right. The
dashed red and green lines indicate the position of the basement
fault and the projection of the basement fault at the surface,
respectively. Arrows 1 and 2 (a) mark initial fractures. Arrow
3 (b) indicates the position of a stepover with a relay structure
and thrusting. The detail in (c) depicts the changing fault dip
directions.
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5.4.7. Experiment 25◦
Setup
The setup is in general analogue to the previous experiments, except that the joints are deviated
to the basement fault in an angle of 25◦. One fracture occurred during the preparation. It is
marked by key 1 in figure 5.19 (a).
Observations
The initiating deformation at 5 % already formed five joint-normal fractures, indicated by red
arrows. The PIV analysis reveals a spreading of deformation across the third to seventh joint. It
appears, though, that close to the stepovers deformation localized on two joints at the same time,
causing some kind of minor relay structure. Gray dashed lines indicate this in the PIV image.
At 50 % deformation a main fault developed one joint to the right of the initial faulting,
describing a smoothed sawtooth-shape in the lower to middle part of the image and deviates
strongly in the upper part. Initial fractures continued to open slightly. Conjugate faults started
to form, again indicated as opening joints and joint-normal fractures. The corresponding topview-
movie shows a reverse faulting between joints (10) and (11) as a response to conjugate faulting
and a fixed confinement. This is indicated in the raw image using standard fault notification. In
the PIV image the sharp deviating fault in the upper part is well visible, while the rest of the
main fault appears as diffuse strain localization. This is a result of changing focal length and
shading, not of actually diffuse strain.
To the end of the deformation (figure 5.19, c) the position of the main fault did not change any
more, but a certain amount of scarp erosion already took place. Smaller blocks broke off and were
grounded within the fault. The view inside the main fault allows again an interpretation of an
isocline, outlined in the given detail. The orientation of the fault dip undulates according to the
position of the joints and stepovers, respectively. The PIV image reveals a quite active conjugate
faulting, indicating several stepovers as well as a number of parallel active strain localizations.
Figure 5.19. (following page): This image series shows topview photographs and the correspond-
ing PIV analysis of the 25◦ experiment at (a) 5 %, (b) 50 % and
(c) 100 % displacement. Deformation is oriented to the right. The
dashed red and green lines indicate the position of the basement
fault and the projection of the basement fault at the surface,
respectively.
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5.5. Summary
The presented analogue experiments in this chapter are a follow-up on the work previously
done at the department (Holland , 2004; Holland et al., 2006; van Gent , 2006; van Gent et al.,
2010; Holland et al., 2011). The authors tremendously quantified the material properties of
hemihydrate powder under scale model conditions and used it to investigate fracture evolution
in brittle rocks such as carbonates and basalts. It could be shown here, that scaling laws of
hemihydrate powder are also valid for brittle sandstones as they are outcropped in the field
analogue.
A technique to create open joints at the surface was developed, aiming for the smallest possible
effect on the surrounding material. It has been shown that the best way of joint-creation is to
attach sheets of paper on strings within the deformation box, then sieve the hemihydrate into
the box and finally remove the paper by carefully pulling at the strings.
An experiment with the deformation box built by van Gent (2006) clearly showed an influence
of joints on fault evolution, but due to mechanical issues it could not be provided that the faults
form in a consistent and reproducible geometry. Therefore further experiments with this box
were postponed and finally discarded due to shortage of time.
An extensive series of experiments was then performed, varying the angle between the joint-set
and the basement fault in seven experiments with angles between 0◦ and 25◦. In general a
distinct change of the fault’s surface trace, following the preexisting joints, was observed in
all experiments and it occurred consistently that no basement-fault parallel fractures localized
between the joints. An increasing number of stepovers coincides with increasing joint/fault angles
as well as wedge-shaped transition structures at the stepovers. Associated with some stepovers,
minor secondary thrusts could be noticed as a result of tilting blocks.
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6.1. Movement Indicators
Since the Grabens are dominated by normal faults which are assumed to be young, a feature
such as slickenlines would be expected to occur as movement indicator. Moore and Schultz (1999)
described slickenlines and tool marks on calcite coatings mainly in Devils Lane. Nevertheless,
during the field campaign we were not able to find any slickenlines. The calcite, found on
uneroded graben walls, shows in some cases linear structures, but these are interpreted as result
of the precipitation process instead of movement. Photo 6.1 shows calcite precipitation due to
water flow above a free rock surface. Note the smooth and undulating geometry of the calcite
streaks, that can not be produced by abrasion due to rocks sliding above each other.
5 cm
undulating calcite 
precipitation
Figure 6.1.: Example of calcite streaks formed due to fluid-flow above the free rock surface. Note
the undulating shape. Image is a detail of photo 4.14, e.
These observations lead to the conclusion, that the slip focuses on preexisting joints as dilatant
faulting, which again requires a change in dipping angle at depth. Using this information in
combination with the measured heaves allows to create an extension model as it is described in
the next section.
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6.2. Extension
Combining field data (see section 4.1) and information derived from airborne images allows a
geometrical analysis of possible horizontal extension in EW direction. Figure 6.2 (a) illustrates
the location of the profile along which the extension is estimated and (b) shows the topography
along the profile. As a simplification it is assumed here that 16 huge faults define the graben
walls of these eight differently sized grabens. Each fault then has a certain heave, depending on
the throw and the average fault dipping angle in a simple geometric relationship that is shown in
figure 6.3 and equation 6.1.
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Figure 6.2.: (a) An airborne photo pointing out the profile line A-B. (b) The topography along
the profile AB, derived from the 5 m DEM model.
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The used simplification respects the fact, that the fault geometry in the field is actually more
complex, in a way that multiple faults bound one graben and the total displacement is distributed
among them. Nevertheless, the sum of all individual displacements equals the displacement of
one large fault. Thus, the simplification is valid and equation 6.1 can be used.
α
α
x
y
2y
Figure 6.3.: This sketch illustrates the mathematical relationship of heave (y) and throw (x) in a
simplified graben setting with vertical walls in the upper part.
y =
x
tanα
(6.1)
The fault dipping angle could be derived by applying equation 6.1 on certain outcrops with
known heave and throw (see again 4.1). Given an amount of variation and uncertainty, values
between 65◦ and 80◦ seem reasonable. More difficult is the estimation of the throw, since for
most grabens neither the sediment-thickness nor the amount of erosion on top of the graben
walls is known. Nevertheless, geophysical work of Grosfils et al. (2003) and Abrahamson (2005)
reveal average throw values of about 145 m in both Devils Lane and Cyclone Canyon. For the
other grabens the throw has to be roughly estimated from graben wall heights and very rough
sediment-thickness estimations. The used data are summarized in table 6.1.
Devils
Pocket
Devils
Lane
Unnamed
1
Cyclone
Canyon
Unnamed
2
Red Lake
Canyon
Twin
Canyon
Unnamed
3
Throw [m] 35 145 60 145 30 200 165 100
Table 6.1.: This table contains estimated values for the throw of individual grabens along the
profile. Estimations are based on sediment-thickness studies and graben wall heights.
By applying equation 6.1 on these data, a maximum horizontal extension of 850 m is calculated
using a fault dip of 65◦. Using a dipping angle of 80◦ leads to a minimum cumulative extension
of 310 m. The length of the present-day profile (deformation is included) from the westernmost
graben wall to the cliff at the Colorado River is about 5600 m. Subtracting the minimum and
maximum extension leads to original lengths of 4780 m and 5290 m, respectively. Expressed in
percentage, these are 6˜ - 17 % of extension normal to the grabens’ orientation. The erosion at
the Colorado River cliff is not considered here. Moore and Schultz (1999) proposed a similar
calculation for a transect in the northern part of the Needles District, but with a different outcome.
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Unfortunately, they described neither the exact location of the transect nor the calculation itself.
Nevertheless, their calculation results in an extension of 25 % and when combined with a graben
age of 60 - 80 ka (Biggar and Adams, 1987) this leads to a strain rate of about 10−13 s−1 or
expressed as velocities between 1.5 - 2 cm/y.
The calculations made here show lower strain rates between 7 - 8.3 ·10−14 s−1 for given ages
between 60 and 80 ka and a fault dip of 65◦. Fault dips up to 80◦ result in strain rates of about
2.5 ·10−14 s−1. Expressed as velocities these are 0.5 - 1.26 cm/y. These values are much closer to
the recently measured (using InSAR) westwards movement of 0.3 - 0.9 cm/y proposed by Furuya
et al. (2007) than the values of Moore and Schultz (1999). They also fit better with the measured
graben width and also with the steep dipping faults. To end up with 25 % extension using the
model presented here, either the fault dip must be about 53◦ or the cumulative throw must be at
least 550 m higher than estimated here.
It is interesting now to look at the ratio of present-day graben floor width and the calculated
original graben floor width. Since the original width is a function of throw and fault dip, highest
values and with that highest variations are expected by using the lowest dipping angle, which is
65◦. It turns out, that one graben shows an extraordinary high value: Devils Lane has a present
day width that is four times higher than the calculated original width. The other grabens show
values between 1.24 and 2.37. Using the maximum angle of 80◦ still shows the same trend. Since
all grabens are thought to have developed by the same process and more or less at the same
time, similar ratios would be expected for all grabens, and such strong variation for only one
graben implies a mistake in the data. This might be either an overestimation of the throw or
an underestimation of the fault dipping angle. Both might be true here, although the throw
in Devils Lane is studied by refraction seismic by Grosfils et al. (2003) and is believed to be
reasonable. To fit in the range of the ratios, the throw must be 35 m lower than their study
showed. Here, for some reason the fault dipping angle is probably higher than in the other
grabens. However, Grosfils et al. (2003) found a horizontal strain of 2 - 3 % in northern Devils
Lane and extension velocities of ∼2 mm/y, which differs slightly from my results, but is in the
same order of magnitude and both agree with the numerical modeling of Schultz-Ela and Walsh
(2002).
6.3. Stress/Strain Analysis
Graben-bounding faults usually form due to strain accumulation perpendicular to the highest
and lowest principle stress in extensional settings. Hence, the orientation of grabens expresses
the orientation of strain, which again allows a basic interpretation of the local stress conditions.
The application of these thoughts on the Grabens Area - by drawing arrows in the individual
directions of extension - is presented in figure 6.4. Four sections with distinct fault/graben
features are pointed out:
1. Grabens show a NNE orientation and are rather straight.
2. Grabens gradually change their orientation from north to south and show more intersections.
3. Grabens rapidly change their orientation from NE to ESE.
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4. Unlike the faults to the north of section 4, the grabens here are E-W oriented and partly
contact some of the NE oriented faults.
Roseplots of the corresponding faults illustrate the distribution of fault orientations for each
section.
1
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Figure 6.4.: Division of the Grabens Area into four subsets regarding the fault orientations. The
gray arrows indicate the main extensional stress orientation, extrapolated from fault
strike. Roseplots, describing the fault orientations, are given for each of the four
subsets.
There are different possible explanations for the observed situation. Two of them are outlined
in figure 6.5 (a) and (b). The first, and more unlikely idea, would be a more or less parallel
shifting of a curved fault zone, as it is sketched in figure 6.5 (a). This would work well for the
central part of the Grabens Area, but fails at the outer boundaries. A process like this would
require at least oblique - if not strike-slip - faulting at both sides of the fault zone. Plus, it would
not explain the mixed fault orientations in section 3.
A more sophisticated solution is given in figure 6.5 (b). All grabens show a quite parallel
extension without a strike-slip component. Since the grabens are straight in section 1, this works
fine here. Section 3 is decoupled by some NE-trending grabens and is not restricted to the west,
as there the Colorado River cuts a deep canyon. As a result the SE-trending grabens - extending
to NE - fit into the space model. The E-W striking faults in section 4 are probably independent of
the other grabens and only an indirect result of the reduced stress due to the grabens extending
to the NW. Nevertheless, at the intersection of these E-W grabens and the NE-oriented ones
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at the boundary of section 2 and 4, some kind of strike-slip faulting is required. The biggest
space problem, though, emerges in section 2 and at the boundary of section 1 and 2. Grabens
converge over several kilometers without any evidence of decoupling. Only minor indicators for
a N-S oriented compressional component were observed in section 1. Two quite small reverse
faults, found in Devils Lane and Lower Red Lake Canyon, can not absorb the produced stress.
?
?
?
a b
?
Figure 6.5.: Two possible ways of producing curved graben zones. (a) is a parallel shift of normal
faults, leading to problems at both ends. (b) is the more likely, though strongly
simplified, solution. What allows gradual changes of fault strike is explained in figure
6.6.
One explanation may be the entanglement of horsts and grabens with a certain strike-slip
component. Sketch 6.6 illustrates this process. The initial setup assumes a curved block of brittle
rock, experiencing converging extensional stress towards the river (a). These stress states results
in diagonal mode I tensional fractures, according to the easiest localization of rock failure. With
further movement, the fractures open up and form normal faults, with a required strike-slip
component to allow converging of the blocks. Following a simple trigonometric relationship,
and using values for extension on one individual fault of about 25 m (compare Extension) and
maximum angle between two overlapping faults of 5◦, this strike-slip component hardly exceeds
2 m. Given dip-slip values of several tens of meters, this small strike-slip would be hard to
recognize.
6.4. GPR
As a first note to the GPR data, the surprisingly good quality of the profiles and the observed
features should be pointed out. The 400 MHz antenna was able to reveal sedimentary structures
in the upper 4 - 5 m in high resolution and although the resolution is not as good for the 100 MHz
antenna, it is able to investigate features at depths of more than 10 m. The analysis of diffraction
hyperbolas led to wave velocities of approx. 1.25 m/ns, resulting in the named depths.
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Figure 6.6.: This sketch illustrates the entanglement of horsts with converging extensional stress
directions. From the initial setup (a) diagonal tension fractures occur and open
up with ongoing movement (c). A certain amount of strike-slip deformation is
geometrically needed on the fractures.
A feature that might work as verification of the measurements is a contact of loose windblown
or alluvial material to more compacted sediments in a depth of about 8 - 10 m. This contact was
first described by Grosfils et al. (2003) who performed seismic refraction surveys in Devils Lane.
In seismic, the contact is expressed by changing wave velocities. The radargrams of Devils Lane
indicate this contact as a change of reflector consistency.
In general, three different types of sedimentary structures were found at graben walls and
interpreted differently:
1. Wedges of thicker layers with increasing depth towards graben walls were noticed at the
eastern Devils Lane graben wall as well as at the Devils Lane stepover. In both cases the
100 MHz antenna was used to achieve penetration depths of more than 10 m. The graben-
bounding faults were interpreted from both ending reflectors and rapid reflector-intensity
changes. These wedges of thicker layers can be caused by preferred deposition due to void
creation. Therefore, this observation can be seen as evidence for extensional movement at
the graben-bounding faults.
2. At the western graben wall of Devils Lane and - less distinct - Devils Pocket, reflectors
dip towards the graben wall, which could be seen in profiles of both the 100 and 400 MHz
antenna. This can also be interpreted as evidence for extensional movement, just with a
differently oriented sediment infill.
3. The situation in Cyclone Canyon and at the eastern graben wall of Devils Pocket is different.
Here the reflectors dip towards the graben’s center. This can be either a sign for the
absence of extensional movement at the fault or a high sediment influx. Especially in the
profile ’Cyclone Canyon Western Graben Wall’ structures like topset and foreset beds were
interpreted. Since the general direction of sediment transport is towards the Colorado
River to the west and deposition occurred towards NE, an inversion of the flow directions
might have developed due to the lowering of the graben floor.
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An evolutionary model describing one possible way of depositing the observed sedimentary
structures is given as sketch in figure 6.7. The initial situation (a) describes a stream incised
in a valley, flowing towards the Colorado. In the second step (b) the graben starts to form,
creating an increasing scarp on both sides. Constant and balanced rates of sedimentation
and deformation lead to the deposition of topset beds (c). In step (d) the deformation stops,
thus the sedimentation rate is much higher. This causes the deposition of foreset beds.
Keeping the rates of deformation low and sedimentation high slowly results in a filling of
the graben (e), until the graben floor is finally filled to the elevation of the bounding scarps.
Now the stream flows again across the graben floor and the sediment structures are similar
to the observed ones, including topset and foreset beds as well as layers with inverse dips
and horizontal layering on top.
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Figure 6.7.: Sketch illustrating the evolution of graben-filling sedimentary structures as observed
in GPR profiles in Cyclone Canyon. (a) Initial setting. A stream incises into the
sandstone towards the Colorado River. (b) A graben starts to form, leading to an
inversion of flow direction. Sediments are deposited into the graben at evolving
scarps. (c) Continuous displacement and deposition rates form topset beds. (d)
Stagnating displacement or higher sedimentation lead to formation of foreset beds.
(e) Ongoing deposition without further displacement causes a gradual graben-filling.
(f) Finally the graben is entirely filled with sediments showing the observed structures
and the stream crosses the graben again towards the Colorado.
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This deposition cycle can repeat during the graben evolution depending on changes of
sedimentation or deformation rate. The real profile reveals only the structures in the
upper four meters and even below three meters the layering appears horizontal again. It
is therefore a valuable assumption that only the latest stage of many of such cycles is
observed.
To summarize the findings, GPR profiles enhance the assumption of extensional offset at
graben-bounding faults in Devils Lane and Devils Pocket, but fail for that in Cyclone Canyon.
This might be either due to much higher sedimentation rates or smaller/absent voids at the
graben wall. Moreover, the analysis of topset and foreset beds might reveal phases of higher
deposition or displacement rates. Now that the suitability of GPR surveys within the grabens
was proven, further investigations should deal with these issues.
6.5. Analogue Modeling
The use of hemihydrate powder as analogue material for brittle rocks has been proven suitable
in earlier work (van Gent , 2006; van Gent et al., 2010; Holland et al., 2011). Since the scaling
applies also for brittle sandstone as those outcropped in the Canyonlands National Park, it is a
small step to apply preexisting joints to the normal faulting models. This could be done easily
and without huge effect on the material by burying sheets of paper and removing them before
the deformation starts. Hence, one first result is the fact that modeling of interacting preexisting
joints and normal faults is, in general, possible using hemihydrate powder.
6.5.1. Fault Deviation
By using angles between the preexisting joints and the defined basement fault that are in the
range of the observed angles in the field analogue, it could be tested if the resulting structures
show similarities or are of distinct difference.
The sum of experiments revealed structures quite similar to the ones observed in the Grabens
Area. It was found that, as soon as joints with a reasonable spacing were applied, fracturing
occurred only on these joints, instead of a widespread fracturing zone as observed in experiments
without joints. Although the displacement is usually distributed on several joints due to a gradual
steepening of the fault, in the end one main fault accumulates most strain and creates a huge
open void at the corresponding joint. As written previously, this behaviour could be the reason
for the creation of the observed sinkholes as well as the huge heave, described in section 4.1.
Figure 6.8. (following page): Summary of the experiment series ’Rotating Joints’, illustrating
the finale stage of deformation for each experiment. Red and blue
dashed lines trace the main fault scarp and the conjugate fault,
respectively. Direction of extension is indicated by arrows.
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Figure 6.8 displays a summary of the experiment series ’Rotating Joints’, each image showing
the final stage of deformation. The angle between the joints and the basement fault’s strike
increases gradually from 4◦ to 25◦. The 0◦ experiment is left out here, because no features
occurred other than those in the depicted ones. With changing joint-fault angles it turned out
that the surface trace of the fault actually does follow the joints up to a certain extent. When
the fault reaches a point, too far away from the ideal fault plane it would take without joints,
the stress must be transferred to a preferred zone of failure. In the presence of a regular joint set
this would be the next closest joint which defines the weakest zone. By forming stress relieving
fractures between joints, the displacement steps forward. More and more steps will be created
with increasing fault-joint angle. The zigzagged escarpment is traced with a red dashed line for
each experiment. It is not surprising that the corresponding conjugate faults marked by blue
dashed lines develop, in general, quite similar to the main faults.
Along with decreasing step lengths goes an increase of secondary fractures and of damaged
material breaking off at the steps and a grounding of this material in the opened fault. While up
to 12◦ the stepovers and transition zones are quite well defined and sharp, the higher fault-joint
angles show a more and more diffuse fault zone, although the escarpment is still relatively sharp
and associated with the smooth original joint surfaces.
All the experiments have in common that the smallest step length is always located to the
left (when looking towards the scarp) and the largest step length is located to the right. This is
unfortunately the result of boundary effects. Future work with deviated joints should therefore
use much wider deformation boxes to minimize these effects.
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Figure 6.9.: (a) Scatterplot of measured step lengths and joint-fault angles. Regimes marked by
question marks are unclear and need further investigation. (b) Scatterplot of the
measured fault deviation and joint-fault angles.
The two diagrams in figure 6.9 illustrate the relationship of the step length (a) and the fault
deviation (b) to the fault-joint angle, with the data measured in the final topview images. The
step length describes the distance between two steps measured along the scarp trace. The
fault deviation is the maximal horizontal component of each step, measured in the direction of
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extension. Both features are illustrated in figure 6.8 at 16◦. The step length shows a quite linear
and shallow decrease from 8 to 25◦, but rises dramatically from 8 to 4◦. Of course, it cannot
be ruled out that this steep trend is the result of mechanical mistakes during the experiment,
but no specific differences to the other experiments were noticed. Besides, the measured fault
deviation fits quite well in the trend. It is therefore likely that the step length increases strongly
with decreasing fault-joint angle, probably following a power-law. Nonetheless, the regime below
8◦ should be studied further by using a wider box to provide the formation of actual steps in
low-angle situations.
The measured fault deviations are displayed in figure 6.9 (b). The trend of data follows a
simple polynomial function, flattening in the lower angle regime and incrementally steepening
with higher angles. Extending this trend forwards and backwards would imply that the fault
could never be deviated more than about 2.4 cm, which is more or less the joint spacing. This
seems to be a natural behavior for each fault that usually follows a dipping angle defined by the
friction angle of the unfractured material. Given that a new joint occurs at this natural position
of the fault, it steps over using a transition zone (see next section) and is then deviated again.
Sketch 6.10 illustrates this behavior. On the other hand, fault-joint angles not much higher than
25◦ would result in fault deviations close to zero, although small but existing fault deviations
expressed by zigzag-shaped scarps would be expected up to much higher angles such as 45◦. This
regime should be studied further.
?
Joints
Figure 6.10: Illustration of a fault stepover
between two joints outgoing
from the same basement fault.
To compare these data with natural examples, fault deviation and step length were measured
in airborne images in four well-preserved areas in the Grabens. Unfortunately, many areas
with interesting joint-fault angles are eroded strongly, or for areas with small angles the actual
basement fault strike is unknown. To provide comparable values of field and experiment data,
they were normalized by the joint spacing. Figure 6.11 depicts the results. The field data show,
in general, a similar behaviour, though the trends are less smooth. The values for the 25◦ angle
are an outlier to the trend and might be influenced by other processes. The apparent steeper
trend of fault deviation can be explained as a result of rheology as well as the vertical positioning
of joint termination in relation to the basement. Moreover, the horizontal scaling of hemihydrate
is not sufficiently known and might as well play a role when comparing field and modeling data.
Further work is required here.
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Figure 6.11.: (a) Scatterplot of measured step lengths and joint-fault angles from experiments
(green) and field analogue (orange). (b) Scatterplot of the measured fault deviation
and joint-fault angles from experiments (green) and field analogue (orange). Both
diagrams show similar trends of both data sets, though the field data describe a
steeper and less smooth trend.
Another striking difference between the field analogue and the scale models is that in the field
usually two joint sets exist with their orientation normal to each other. This means that when
one joint set has a small angle to the fault, the other one has an angle close to 90◦. The influence
of the high-angle set is neglected here. Nevertheless, stepovers would probably localize preferably
at these joints and with that influence the step length and fault deviation.
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Since the previously outlined fault deviations mainly represent the individual deviation at each
step and not the total deviation, another series of measurements is presented in diagram 6.12. At
each stepover the maximum distance from the scarp to the basement fault was measured. Again,
this does not define a true deviation, but the relationship between deviations of each experiment.
This time a value for 0◦ could be determined. The trend shows an increase of distance to the
basement fault to 4◦ followed by a continuous decrease, with 16◦ and 20◦ grouping around the
value of 0◦. 20◦ seems to be an outlier here. The value for 25◦ is aligned in elongation of the main
trend. The regimes between 0◦ and 4◦ as well as above 25◦ are, as before, objective of further
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research. It is confirmed here, that fault deviation decreases with higher fault-joint angles, also
beyond the values of 0◦. This is interpreted as a result of forcing the fault to unnatural angles.
6.5.2. Transition Zones
An interesting feature is the transition zone between two strain accumulating joints. Although
the most intuitive structure expected here would be a relay ramp, formed by overlapping of the
two fault planes, this is not what happens necessarily. Actually, at low joint-fault angles the
faults on both joints depend on the same basement fault and are active at the same time and
with the same displacement, without overlapping each other. The result is a slant transition fault
plane with a decrease of the dipping angle in the upper part. This flattening of the fault dip
causes the formation of a wedge-shaped remnant between both fault planes or joints on which
they focus, respectively.
Figure 6.13 (a) illustrates this interpretation (color code according to figure 6.10), while (b)
shows a field example (image width about 35 m) that might reflect this process and (c) is such a
fault stepover observed in an analogue model (image width about 6 cm).
a b
c
Figure 6.13.: (a) The sketch illustrates the transition zone at a fault stepover. Due to a decrease
of the fault dip at the top, a wedge-shaped structure remains. (b) A field analogue
of the stepover structure (image width about 35 m). (c) An example observed in
an analogue experiment (image width about 6 cm).
At higher fault-joint angles, such as 12◦ or 16◦, small relay structures were observed in the
corresponding experiments (see also experiment observations). Due to their relatively upward
movement, these relay blocks were associated with small thrusts or reverse faults on one side.
Nevertheless, they tilted away from the footwall and got breached quite fast. At even higher
fault-joint angles these relays were smaller and breached earlier. Whatever structure occurs, each
transition zone naturally defines an area of changing fault dips. In experiments it seems that
these changes are smooth and continuous rather than rapid breaks.
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6.5.3. Graben Internal Structures
During the field work, especially in Cross Canyon, secondary faulting in the downthrown block
could be observed (cf 4.3). Similar situations developed during analogue modeling (figure 6.14).
A model of a full graben (a) formed a secondary horst quite in the middle of the downthrown
block due to conjugate faulting to both graben-bounding faults. The crosscut graben in Cross
Canyon evolved in the same way, though the faults there seem to be steeper. Half-graben settings
and asymmetric grabens as well as gradual forestepping of growing faults on the other hand lead
to an asymmetric distribution of graben-bounding faults. The presence or absence of large scale
joint sets has the same effect on these secondary faults as it has on the main faults. It has been
observed in almost all experiments that the conjugate faults were deviated in the same way and
showed sawtooth-shaped scarps as the main faults.
WNWba
Figure 6.14.: Comparison of secondary graben structures observed in (a) an analogue model and
(b) in the field, Cross Canyon.
A reasonable interpretation of the different throws at the graben-bounding faults, as observed
in the field, is the distribution of main and conjugate faults. The main faults develop first and
usually accumulate the higher throw while one or more conjugate faults evolve as response and
show lower throw values. Thus, the graben floors are assumed to dip towards the main fault.
Moore and Schultz (1999) proposed this relationship for the northern section of the Grabens and
defined an inner domain with west-dipping main faults close to the Colorado River, and an outer
domain with east-dipping main faults westwards of Cyclone Canyon. The observed dips in Cross
Canyon were entirely directed towards the Colorado River, which would classify them to the
outer domain. This is consistent with the large distance to the stream.
6.5.4. Applicability of the models for the Canyonlands Grabens
The deformation of hemihydrate powder on the presented experiments was defined by a predefined
fault in a rigid basement block. The graben-bounding faults in the Grabens on the other hand,
initiate in the brittle layer due to extension above the evaporites, independently of which precise
model of graben formation is preferred. Hence, there is a significant difference in the process that
causes faulting. Figure 6.15 illustrates the differences between model (a) and field analogue (b).
It is therefore questionable weather or not the used model-geometry is actually suited for
modeling the situation in the Needles Fault Zone. A reasonable assumption can be made that
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the rough position and geometry of the initiating fault in a brittle material extending above a
viscous one is defined by the brittle layer’s thickness as well as by the geometry and viscosity of
the viscous layer (eg. McGill and Stromquist , 1979; Kettermann, 2009).
Nevertheless. the present work showed that joints sets within the brittle material influence the
fault geometry not only at the surface. A certain effect on the fault-geometry was also observed
at depth, although the fault trace is, with increasing depth, forced to more and more adapt the
basement-fault geometry. Considering a situation similar to the Grabens, where the fault is free
to form in whatever geometry is preferred, it might well be that preexisting joints at the surface
also affect the fault trace down to the brittle-viscous-layer interface.
Evaporites
Rigid 
Basement
Brittle 
Material
Brittle 
Material
a bModel Canyonlands
Figure 6.15.: Sketch illustrating the geometrical differences between the analogue models and
the Canyonlands Grabens.
As a consequence of these considerations, it seems valid to compare the upper part of the
analogue models with the upper part of the Grabens. The main features like changing fault
trace at the scarps or stepover-structures have been observed similarly in both. Nevertheless, the
models do not represent the entire structural domain that is defined between the surface and the
evaporite-layer in the Canyonlands Grabens. Thus it should be part of future studies to test
models without a defined basement fault, but instead use hemihydrate extending above a viscous
material (eg. silicone).
The position of fault initiation is discussed controversially (McGill and Stromquist (1979)
proposed initiation at the surface; Schultz-Ela and Walsh (2002) found a bottom initiation in their
models; van Gent (2006) observed both simultaneously in analogue models of graben-formation).
Based on the experience during this work it seems possible that a stress-communication between
the jointed surface and and the bottom of the brittle layer occur prior to the initial fracturing
and hence affect the fault geometry.
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7.1. Conclusions
By combining remote sensing, field work and analogue modeling, this work led to the following
conclusions:
1. Field observations and experimental evidence show that preexisting joints are able to affect
the surface-trace of normal faults and influence fault geometry at depth.
2. This depends on several properties, such as the angle between joints and faults, joint
spacing, joint depth and rheology. Exact numeric relationships could not be determined
here.
3. The graben-bounding faults in the Needles Area are steep-dipping in the upper part of the
sediment package, controlled by joints, and change their dipping angles to values between
65◦ and 80◦ at depth.
4. Using these dipping angles led to an estimated total extension of 6 - 16 % in the northern
Grabens Area.
5. The complete absence of slickenlines in this young and active fault array proves that
movement in the upper hundred meters focused on the preexisting joints and occurred as
dilational faulting.
6. Hemihydrate powder suits for modeling the interaction of joints and normal faults in brittle
rocks.
7. Although graben floors seem flat or only slightly tilted nowadays, they can be internally
faulted and show secondary grabens or step-faults. This was found in both the field and
the analogue models.
8. Ground penetrating radar surveys proved to be suitable in the Grabens Area, at least to
gain insight into the sedimentary structure of the upper 10 m of sediments.
9. GPR profiles revealed a thickening of loose sediments close to graben walls, which might
be an evidence for ongoing horizontal extension.
10. Sedimentary structures in grabens, located at present-day drainage paths, show phases of
constant displacement and sedimentation for a timeframe of several thousand years.
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7.2. Outlook
Future work on this topic should be based on field work as well as analogue and numerical
modeling. Additional field work in the Canyonlands should include a detailed study of the
younger grabens in the very south-east as well as graben crosscuts as the ones briefly described
in this work. The detailed process of graben formation in the Canyonlands Grabens Area is far
from being understood entirely. A sophisticated study of the evaporite-sandstone interface might
as well prove useful. Moreover, comparison to other systems with dilational faults in brittle
rocks enhance the knowledge of the influence of intact rock or interacting faults or joint sets.
Interesting areas for that are, for example, the basalts of the middle oceanic ridge in Iceland or
extensional fractures in basalts on Hawai’i.
The analogue models require further specification of the materials to achieve a valid 3D scaling.
The use of sophisticated deformation boxes and analytic techniques as computer tomographic
scans during the experiments will allow to test variables under controllable conditions. An
important task is to test experiment-setups using extension above a plastic material. Derived
quantitative structural and kinematic data will be used to calibrate and test numerical models
and for comparison with field data.
The approach for numeric modeling is the use of discrete element models (DEM). Calibrating
the models with the values derived from scaled analogue experiments should result in similar
feature geometries. Vice versa, varying parameters in numeric models and then running the
corresponding analogue experiment might be a reasonable test of the model.
In the case of satisfying results of the models, they can be upscaled to finally predict natural
structures in reservoirs.
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A. Appendix
A.1. Map
The attached map contains airborne imagery, the mapped joints, faults and sinkholes, the tracks
of the described GPR profiles and the location of all referenced GPS waypoints.
A.2. DVD
The DVD contains (1) all used figures as vector graphics, if available, (2) the GPR raw data and
jpeg images of all profiles, plus a kmz-file indicating their position, (3) topview and side view
movies of all experiments as quicktime movies, (4) movies of the 3D-structure of all experiments,
(5) digital versions of this work and the attached map as pdf-files, (6) all used and produced
GIS-files.
A.3. List of referenced GPS Waypoints
Waypoint Date GPS Position GPS Elevation
35 07-MAY-11 12 N 599977 4222145 1587 m
48 08-MAY-11 12 N 598688 4221094 1581 m
50 08-MAY-11 12 N 598347 4220701 1592 m
54 09-MAY-11 12 N 600120 4222392 1593 m
55 09-MAY-11 12 N 600041 4222228 1606 m
59 10-MAY-11 12 N 599743 4225970 1509 m
136 16-MAY-11 12 N 600036 4222301 1590 m
151 17-MAY-11 12 N 599221 4222040 1588 m
170 18-MAY-11 12 N 596642 4215438 1692 m
171 18-MAY-11 12 N 596577 4215292 1689 m
178 18-MAY-11 12 N 595707 4214278 1698 m
179 18-MAY-11 12 N 595751 4214360 1696 m
183 18-MAY-11 12 N 594381 4212450 1790 m
184 18-MAY-11 12 N 593359 4211372 1797 m
199 18-MAY-11 12 N 592296 4209976 1753 m
202 18-MAY-11 12 N 592320 4210427 1798 m
204 18-MAY-11 12 N 597508 4216012 1672 m
205 18-MAY-11 12 N 599074 4221959 1578 m
210 20-MAY-11 12 N 599524 4220605 1633 m
211 20-MAY-11 12 N 599501 4220365 1635 m
213 20-MAY-11 12 N 599466 4219918 1663 m
V
A.3. LIST OF REFERENCED GPS WAYPOINTS APPENDIX A. APPENDIX
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